Space Vector:  Video Games for Introductory Newtonian Mechanics by Keylor, Eric Karl (Author) et al.
Space Vector  
Video Games for Introductory Newtonian Mechanics  
by 
Eric Keylor 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree  
Doctor of Philosophy  
 
 
 
 
 
 
 
 
 
 
Approved July 2014 by the 
Graduate Supervisory Committee:  
 
James Paul Gee, Chair 
Scott Stevens 
Brian Nelson 
Robert Atkinson 
 
 
 
 
 
 
 
 
 
 
 
ARIZONA STATE UNIVERSITY  
August 2014  
  i 
ABSTRACT  
   
This dissertation describes Space Vector 1 and Space Vector 2, two video games 
that introduce Newtonian mechanics concepts.  Space Vector 1 is a side-scrolling game, 
in which players choose to drop bombs or supplies.  Players had to identify if the physics 
was correct during a mission, or they had to plot the trajectory of a falling object, which 
was then simulated.  In Space Vector 2, players were given velocity and acceleration 
values and had to plot the trajectory of a spaceship across a grid, or players were given a 
trajectory of a spaceship on a grid and had to program the velocity and acceleration 
values to produce the trajectory.  Space Vector 1 was evaluated with 65 college 
undergraduates.  Space Vector 2 was evaluated with 18 high school students.  All 
participants were given a subset of the Force Concept Inventory, a standard assessment 
tool in physics education, as a pretest and posttest.  Space Vector 1 was evaluated with a 
single group pretest-posttest design.  Space Vector 2 was evaluated with a 2 x 2 ANOVA, 
where the factors were game mechanic (prediction mechanic or programming mechanic) 
and bonus questions (bonus question after a mission or no bonus question).  Bayesian 
statistical methods were used for the data analysis.  The best estimate for the average 
change in test scores for Space Vector 1 was a score gain of 1.042 (95% Highest Density 
Interval (HDI) [0.613, 1.487]) with an effect size of 0.611 (95% HDI [0.327, 0.937]).  
The best estimate for the grand mean of change scores in Space Vector 2 was an increase 
of 0.78 (95% HDI [-0.3, 1.85]) with an effect size of 0.379 (95% HDI [-0.112, 0.905]).  
The prediction/no bonus question version produced the largest change in score, where the 
best estimate for the mean change score was an increase of 1.2.  The estimation intervals 
for the Space Vector 2 results were wide, and all included zero as a credible value.  
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CHAPTER 1 
INTRODUCTION 
This dissertation describes two video game prototypes, Space Vector 1 and Space 
Vector 2, designed to teach Newtonian mechanics concepts.  The goal of creating these 
games was to identify game mechanics (the primary player actions of a game) that would 
help players learn fundamental physics concepts including vectors, independence of 
motion in different dimensions, velocity, uniform (constant) motion, acceleration, 
gravity, and force.  A study was conducted for each prototype.  The assessment tool that 
was used for the studies was the Force Concept Inventory (Hestenes, Wells, 
Swackhamer, Halloun, Hake, & Mosca, 1995), an established multiple-choice test used in 
physics education for evaluating students’ knowledge of force and motion.   
This chapter provides context for the research, briefly describes the Space Vector 
games, and lists the research questions and hypotheses.  Chapter 2 is a literature review 
focusing on game design, physics pedagogy, educational video games and software 
related to physics, and situated learning.  Chapter 3 describes Space Vector 1 and Space 
Vector 2 in detail.  Chapter 4 describes the methodology of the studies and explains the 
use of Bayesian statistical methods.  Chapter 5 reports the results, and chapter 6 provides 
discussion of the results, limitations of the studies, and recommendations for future work. 
 
Why Video Games for Physics Education? 
 The video game industry is now a mature, multibillion dollar industry 
(Entertainment Software Association, 2013).  Although educational video games have 
existed since the initial rise of the industry in the 1970s, video games still have untapped 
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potential as educational software.  Video games will not replace teachers anytime soon, 
but video games can have a more important role in education as they have advantages 
that are either not possible or impractical for typical instructional situations.  For 
example, video games can be available at any time; they are infinitely patient as they can 
be arbitrarily replayed; they can be designed to respond to learners’ needs at an arbitrarily 
granular level; they can be distributed across multiple hardware platforms (desktop and 
laptop computers, dedicated gaming hardware, and mobile devices including cell phones) 
and multiple environments (classrooms, sites of after school programs, libraries, 
museums, and learners’ homes). 
 Video games can have a larger role in physics education, too.  According to 
Hestenes, Megowan-Romanowicz, Osborn Popp, Jackson, and Culbertson (2011), the 
graduation rate of teachers with degrees in physics is about half of the attrition rate of 
teachers with physics credentials leaving the profession.  Also, the percentage gain in 
students taking physics from 2005 to 2011 has exceeded the percentage gain in physics 
teachers (Hestenes et al., 2011).  At the very least, effective educational software can 
provide useful support for crossover instructors who are learning to teach physics, if not 
actually learning or relearning physics themselves.  Video games, and educational 
software, however, can do some things that even the most conscientious instructors 
cannot do as noted above.  Additionally, video games can dynamically represent learners’ 
correct and incorrect theories of motion and force, and they can allow experiments and 
simulations that are inaccessible to learners such as exploring motion in space.   
 Educational video games can also be a vehicle for analyzing pedagogical methods 
by modeling aspects of those methods.  At this time, there are few physics video games 
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that have been evaluated that cover Newtonian mechanics.  Some examples of successful 
video games for Newtonian mechanics include Mecanka (Boucher-Genesse, Riopel, & 
Potvin, 2011), SURGE (Clark et al., 2011), and Newton’s Playground (Shute, Ventura, & 
Kim, 2013).  Any game that shows any efficacy is a helpful contribution to physics 
pedagogy and educational game design.  It is important to find ways to do educational 
game development that consider small budgets and are sustainable or, at the very least, 
easy to distribute.  Researchers cannot assume that large commercial game publishers 
will pursue the development of educational games.  If video games can play a role in 
making physics accessible in both formal and informal learning settings, researchers and 
independent developers must take the lead.   
 
Brief Description of Space Vector Games 
Space Vector is a video game project consisting of two prototypes designed to 
teach introductory concepts for Newtonian mechanics including vectors, velocity, 
uniform motion, acceleration, projectile motion, free fall, gravity, and force.  The primary 
audience is high school and college age students—anyone who may take or be interested 
in an introductory physics course.  Space Vector does not teach how to solve equations. 
Rather, the emphasis is on developing qualitative understanding to build a foundation for 
conceptual understanding and help eliminate incorrect common sense theories and 
misconceptions about motion.  Ideally, Space Vector will be the beginning of a larger 
physics curriculum implemented through video games or game-like experiences. 
The Space Vector prototypes are examples of casual games, games that are 
usually small in production scale and are reminiscent of 1980s arcade games.  The 
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decision to create casual games was a pragmatic decision since Space Vector was created 
by the author alone.  Creating a casual game is a way to impose stringent design 
constraints to identify effective game mechanics for a learning outcome with minimal 
resources.  This is important since video game development is a time consuming and 
resource intensive endeavor.  Once a successful game mechanic is identified, it can be 
presented in different ways and incorporated into larger experiences.    
In Space Vector 1, the player must drop cargo from a spaceship on targets while 
flying over the landscapes of alien planets.  At the beginning of the game, players choose 
whether the cargo will be bombs or supplies for every mission.  There are two types of 
missions.  In the first type, the player controls the spaceship and drops cargo as needed. 
During the flight, the motion of the cargo may be incorrect as it falls.  After the mission, 
the player is asked whether the physics was correct or whether something was incorrect. 
If the player answers correctly, the player receives bonus points.  In the second type of 
mission, the player is given an initial horizontal velocity and a gravitational constant.  
The player must predict the path of a cargo on a grid after it is released by the spaceship 
for a duration of three seconds.  After the prediction is made, the player becomes a 
copilot who protects the ship while the game engine releases the cargo at the appropriate 
times.  A cargo will fall short or long of a target if the predictions are incorrect.  After 
some tutorial missions in which the player learns to fly the spaceship and avoid 
threatening obstacles such as missiles, uniform motion and acceleration are 
systematically introduced to the player.  The player wins the game once the player 
achieves 55,000 points and completes all required missions. 
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In Space Vector 2, the player has to help spaceships cross a portion of space that 
is demarcated by a grid.  The spaceship needs an energy packet every second to survive, 
or it loses health and may suffer a system crash.  Extra energy packets also decrease 
spaceship health due to oversupplying the spaceship’s energy system.  Asteroids and 
missiles cross the grid and threaten the destruction of the energy packets and spaceship. 
Players can destroy the asteroids and missiles and recreate the energy packets when they 
are destroyed.  When four spaceships successfully cross the grid, players advance to a 
new level, where a new physics concept is introduced.  The concepts for the levels are 
respectively:  uniform motion in one dimension, uniform motion in two directions, 
acceleration in one dimension, projectile motion starting above ground (half a parabolic 
arc), projectile motion starting on the ground (full parabolic arc), parabolic motion in 
space (acceleration in one dimension, uniform motion in the other dimension), and 
acceleration in two dimensions.  The player wins when all levels are complete and the 
player has 75,000 points.  If the player completes all the levels without 75,000 points, the 
game engine randomly selects a mission from the last three levels until the player wins 
75,000 points. 
There are two game mechanics in Space Vector 2.  The first mechanic is the 
prediction mechanic.  In this mechanic, the player is given the initial position of the 
spaceship, the initial velocities in the horizontal and vertical dimensions, and 
accelerations for both directions.  The grid is blank, and the player must place energy 
packets on the grid in the correct locations before a timer runs down and the spaceship 
begins its flight.  The second mechanic is the programming mechanic. In this mechanic, 
the player is given the initial position of the spaceship on the grid with the energy packets 
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correctly placed.  The player must program the settings for the spaceship by pressing 
buttons to set the initial velocities and accelerations before a timer runs out and the ship 
begins its flight.  The game engine is designed so that players can be assigned to one 
mechanic or the other. 
Space Vector 2 was created in response to the evaluation of Space Vector 1. 
Graphing was a major component of the game experience, yet there was no or little 
increase on question items on the Force Concept Inventory regarding the interpretation of 
plots of motion and trajectories although there was a large increase in correct responses 
with a group of questions about freefall.  There were also weaknesses in the interface 
design that hindered the players learning.  Therefore, Space Vector 2 was created to 
increase the chance of a learning increase on a set of questions that Space Vector 1 did 
not address well.   
 
Problem Statement 
The purpose of this research is to construct game mechanics and, thereby, video 
games that help students learn introductory Newtonian physics.  Identifying new, 
effective game mechanics will contribute to the few examples of video games that have 
been assessed for Newtonian mechanics.  Physics is an important subject, but there are 
very few video games that have been designed to teach physics that have been evaluated 
and shown to be successful.  Therefore, this work contributes to this body of educational 
video games, provides a new resource for physics instructors, and presents worked 
examples of design and development for researchers interested in creating educational 
video games.   
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Research Questions 
Research Question 1:  Does playing Space Vector 1 help students learn any physics 
concepts pertaining to Newtonian mechanics? 
 
Hypothesis 1:  Playing the video game will create an increase in learning as measured on 
the Force Concept Inventory. 
Hypothesis 2:  There will be no difference in the change of mean scores between players 
who chose to drop bombs and players who chose to drop supplies. 
Hypothesis 3:  There will be no difference in the change of mean scores between female 
and male players. 
Hypothesis 4:  Players with no previous physics instruction will learn more than players 
who have had high school or college physics instruction. 
Hypothesis 5:  Participants who play video games will have a larger score increase than 
participants who never or rarely play video games. 
Hypothesis 6:  Participants who play casual games will not score better than players who 
do not play casual games. 
 
Research Question 2:  Does playing Space Vector 2 help students learn any physics 
concepts pertaining to Newtonian mechanics? 
 
Hypothesis 1:  Playing the video game will create an increase in learning as measured on 
the Force Concept Inventory. 
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Hypothesis 2:  Playing the prediction mechanic will produce a larger increase in the 
change of mean scores than playing the programming mechanic. 
Hypothesis 3:  Answering bonus questions after a mission will produce a larger increase 
in the change of mean scores than not answering bonus questions. 
Hypothesis 4:  Space Vector 2 players will show improvement on the Force Concept 
Inventory on the problems involved with distinguishing position vs. velocity and velocity 
vs. acceleration. 
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CHAPTER 2 
LITERATURE REVIEW 
Casual Video Games 
The first video games were developed on minicomputers, computers smaller than 
mainframe computers but still quite large compared to personal computers (Burnham, 
2001, p. 34).  Although an electronic, graphical version of tic-tac-toe was created on an 
EDSAC computer in 1951, OXO by Douglas S. Alexander (OXO, n.d.; “Obituary”, 
2010),  and a two-player game was built on an oscilloscope at Brookhaven National 
Laboratory in 1958, Tennis for Two by William Higinbotham (Burnham, 2001, pp. 26-
31), Spacewar!, which was programmed at the Massachusetts Institute of Technology in 
1962 and propagated to other computer labs throughout the country, is the primary 
ancestor of the video game industry (Graetz, 2001).  It was a two-player game in which 
players attempted to shoot each other with their spaceships (Graetz, 2001; Donovan, 
2010, pp. 10-11 and 16-18). This game was the forerunner of the arcade games of the 
1970s and 1980s and is an example of a casual game.   
Giving a precise definition for casual game is difficult due to the variety of casual 
games.  Some important game design books such as Salen and Zimmerman (2004) and 
Schell (2008) do not define casual games or their equivalent at all.  Brathwaite and 
Schreiber (2009) propose that casual games have the following characteristics:  “easy to 
learn” (p. 274), “reduced complexity” (p. 274), “casual conflicts” (p. 275) (no drawn out 
or complicated fighting), “short play time” (p. 275), “lack of commitment” (p. 275) 
(consistent play over a long period of time not necessary), and “family friendly” (p. 275). 
 They admit, however, that there seems to be an exception for every rule one could 
  10 
propose.  Fullerton, Swain, and Hoffman (2008, pp. 420-421) do not overtly define casual 
games but describe them as follows:  meant for everyone to play (produced for a wide 
audience), are simple, avoid physical virtuosity (referred to as twitch by game designers) 
by the player, avoid violence and complexity, and often have puzzles.  The Casual Games 
Special Interest Group of the International Game Developers Association (International 
Game Developers Association, 2008), the most important professional organization of the 
video game industry, suggests similar characteristics for defining casual games:  “easy to 
learn”(p. 8), “simple controls”(p. 8), addictive game play, forgiving game play, carefully 
graded increases in difficulty, “inclusive” (p. 8) (designed for broad audiences), played 
for “fun and relaxation” (p. 9) rather than intense experiences, and usually require a 
“lower production budget” (p. 9).  This paper also cautions that exceptions will be found 
to all of these proposed characteristics.  In a book dedicated to casual game design, 
Trefry (2013) suggests similar attributes:  “Rules and goals must be clear” (p. 1), “Players 
need to be able to quickly reach proficiency” (p. 1), “Casual game play adapts to a 
player’s life and schedule” (p. 1), and “Game concepts borrow familiar content and 
themes from life” (p. 1). 
These descriptions of casual games suggest that casual games are a matter of scale 
rather than quality.  Although a perfect definition for casual games is elusive and 
exceptions to any list of attributes will always be found, casual games usually have a low 
barrier to entry, smaller production costs, short experiences (missions, levels, or 
campaigns), and broad audience appeal compared to other major genres of video games.  
Casual games are hard to define because they encompass multiple genres of games that 
can show a high degree of sophistication within a small scope.  The video games from the 
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1970s and 1980s including famous games like Space Invaders (Taito Corporation, 1978), 
Asteroids (Atari Inc., 1979) , Pac-Man (Namco, 1980), and Donkey Kong (Nintendo, 
1981) would be considered casual games today.  Recent, commercially successful casual 
games include Bejeweled (PopCap Games, 2001), Angry Birds (Rovio Entertainment, 
2009), Fruit Ninja (Halfbrick Studios, 2010), and Candy Crush (King, 2012).  Casual 
games are the miniatures of the video game industry.  Because they do not have the 
production expenses and resource requirements of major game franchises, casual games 
can be built by individuals or small teams.  They are also often associated with web 
browsers and mobile gaming (Fullerton, Swain, and Hoffman, 2008; International Game 
Developers Association, 2008) although they can be released on dedicated video game 
consoles.  Studying casual games is important because most people, who may want to 
develop video games for learning, do not have the financial resources to create games 
comparable to what the major video game publishers and developers can support.  
Finding production methodologies to create educational video games that are affordable 
benefits academic research, and the Space Vector games are examples of what an 
individual developer can accomplish. 
Casual games are a major part of the video games industry.  According to the 
Entertainment Software Association, the video games industry had $20.77 billion in 
revenue in 2012, and casual games made up 26.7% of computer game (presumably 
games played on desktop and laptop computers) sales (Entertainment Software 
Association, 2013).  There are also major web portals that distribute casual games such as 
Kongregate.com.  Because casual games tend to be small-scale, they can be designed to 
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distribute across multiple platforms, which increases their accessibility.  Given their 
popularity and scalability, casual games cannot be ignored as tools for learning. 
 
Physics Games 
Physics games have emerged as a genre of casual games, and the organization of 
some physics games web portals (Blue Duck Education Ltd., 2014;  “Online physics-
based games,” 2014) suggests subgenres of games such as construction games, 
demolition games, action games, projectile games, and stacking games.  Such games 
often have game mechanics involving falling objects or projectile motion, where the 
game engine simulates some aspects of Newtonian motion but the physics may or may 
not be correct.   
Some commercial physics games are being used in formal educational settings. 
 Angry Birds (Rovio, 2009) is a famous example of a casual physics game.  In Angry 
Birds, players must knock over houses owned by villainous pigs using birds that are shot 
from a slingshot.  Different birds have different power ups (special capabilities).  As 
players win missions, they must knockdown structures that are increasingly elaborate and 
made of different materials that increase the structures’ strength.   Teachers are creating 
activities where students use video capture and motion analysis software to analyze the 
motion of the birds (Noschese, 2011).  This is an example of a commercial game that is 
being used as material for teaching activities.  Angry Birds, however, was never meant to 
be used as an educational tool.  The video game Portal (Valve Corporation, 2007), and its 
sequel, Portal 2 (Valve Corporation, 2011), are other examples of popular commercial 
video games that are being used by science teachers.  Valve Corporation, the company 
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that created and published the Portal games, maintains a program Teach with Portals 
(Valve Corporation, 2014) that organizes lesson plans and forums to help teachers use 
these games for different school subjects although no evaluative studies have been 
published about these materials as of this writing. 
 This leads to some important questions.  If commercial games can be used for 
instruction, why bother creating educational video games?  Is there any benefit in 
creating experiences where the learning takes place within the video game itself?  Unlike 
video games that will be discussed later in the chapter, there is no evidence that players 
learn physics by only playing Angry Birds or either Portal game although these video 
games provide excellent material for analysis.  The learning experience is separate from 
the game experience. Using games this way is clearly valuable, but there are benefits to 
creating experiences in which mastering the game produces a learning outcome.  First, 
commercial video games are built by companies that are concerned with making profits.  
They currently have no incentive to run the risk of making educational games in a 
systematic way as educational video games have a relatively small market share.   The 
Entertainment Software Association (2013) does not mention educational games as a 
genre in its latest industry summary brochure.  This is significant as the Entertainment 
Software Association (ESA) is the primary lobby of the video game industry.  If 
educational games were a large part of the video game market, it would behoove the ESA 
to emphasize this in its promotional materials as part of its public relations efforts, 
especially to allay concerns about video game violence.  Second, not all students will 
have access to teachers who are comfortable using these video games in their classes, and 
schools may not have the resources to make such experiences feasible.  Effective video 
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games could be available in both formal and informal learning settings to alleviate these 
deficits.  Video games could be helpful even for adult learners, who may be interested in 
making a career transition or who may want to explore a subject out of curiosity, 
especially before committing to formal study.  Finally, creating self-contained video 
game experiences, where the learning activities are inherently part of the experience 
instead of outside of it, is a way to model one of the best pedagogical methods, modeling 
instruction (described below), for teaching natural science subjects.  Designing software 
that captures modeling instruction can help analyze and refine modeling instruction and 
make it available to anyone who wants to learn physics or other subjects where modeling 
instruction is applicable.     
 
Physics Pedagogy 
 Physics is a challenging subject to learn, and the physics community has 
established its own tradition of physics education research (Stevens, 2009).  There is 
abundant evidence that students have preconceived and incoherent notions about motion 
and force prior to beginning Newtonian physics instruction (Trowbridge & McDermott, 
1980; Caramazza, McCloskey, & Green, 1981; White, 1983; McDermott, 1984; Halloun 
& Hestenes, 1985a; Halloun & Hestenes, 1985b; Hestenes, 1987; Hestenes, Wells, & 
Swackhamer, 1992; Hestenes, 1992; diSessa, 1993; Wells, Hestenes, & Swackhamer, 
1995; Hestenes, 1997; Hestenes, 2008; Hestenes, 2010).  Some incorrect theories have 
been documented in classical and medieval literature, especially in the works of Aristotle.  
For example, Aristotle believed that inanimate objects required an external agent to move 
and that heavy objects fell faster than light objects (Halloun & Hestenes, 1985b; Crowe, 
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2007, pp. 7-8).  In the fourteenth century, the medieval philosopher, Jean Buridan, 
cultivated a theory of impetus, an object receives energy when it is thrown that decreases 
as the object falls (Simonyi, 2012).  Interviews with students and non-physics experts 
have produced more folk theories.  Students may believe that objects at the same position 
(aligned with one another) have the same speed (Trowbridge & McDermott, 1980; 
Rosenquist & McDermott, 1987; Halloun & Hestenes, 1985b).  Also, students may 
believe that objects at the same position may have the same acceleration (Trowbridge & 
McDermott, 1981).  Learners may believe that zero velocity implies zero acceleration 
(Trowbridge & McDermott, 1981).  Learners may believe that force is proportional to 
speed (McDermott, 1984; Hestenes, 1987; Hestenes, Wells, & Swackhamer, 1992).  
Many more examples may be found in the works previously cited and in the physics 
education research literature.  There are also different ways of thinking about these 
incorrect beliefs (Hammer, 1996).  McCloskey (1983), Clement (1983), and Hestenes and 
colleagues (Halloun & Hestenes, 1985; Hestenes, Wells, & Swackhamer, 1992) among 
others have described such false beliefs as misconceptions.  (Hestenes, Wells, and 
Swackhamer (1992) provide a taxonomy of misconceptions.)  One may think of a 
misconception as a false theory that a student believes to be true.  A contrasting view is 
that of a phenomenological primitive or p-prim (diSessa, 1993; diSessa, 2000), in which 
rudimentary ideas are appropriated as “an act of construction” (Hammer, 1996, p. 102) 
when needed.  A p-prim is not as developed as a coherent hypothesis.  Rather, diSessa 
(2000) describes a p-prim as a piece of “intuitive knowledge” (p. 91) that is “taken to be 
obvious and self-explanatory” (p. 91), but “people seldom mention them explicitly in 
explanations” (p. 91).  Example p-prims are “force as a mover” and “continuous push” 
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(impetus) (diSessa, 1993).  Instead of a stable set of theories about physics, people use p-
prims to construct explanations as needed.  Unless people have expert knowledge, they 
may use and group the p-prims incorrectly.  There is no definitive consensus that the 
misconception approach is better than the p-prim approach and vice versa.  Hestenes, 
however, has accepted the p-prim view and believes that it is not only theoretically better 
but also more respectful of students (Hestenes, 2010).  
 These naïve beliefs, whether one thinks of them as misconceptions or 
phenomenological primitives, are difficult to replace.  Incorrect beliefs about motion and 
force often persist after traditional instruction—typical lecture courses and labs, where 
homework focuses on solving numerical problems (Trowbridge & McDermott, 1980; 
Caramazza, McCloskey, & Green, 1981; White, 1983; McDermott, 1984; Hestenes, 
Wells, & Swackhamer, 1992; diSessa, 1993; Wells, Hestenes, & Swackhamer, 1995; 
Hestenes, 1997; Hestenes, 2008; Hestenes, 2010).  Likewise, a student’s ability to test 
well does not guarantee conceptual understanding, especially if the test only emphasizes 
solving algebra or calculus problems (Trowbridge & McDermott, 1980; McDermott, 
1984; Hestenes, Wells, & Swackhamer, 1992; Wells, Hestenes, & Swackhamer, 1995; 
Hestenes, 1997).  In short, pedagogy matters. 
 Modeling instruction is the most relevant, effective pedagogical method for the 
Space Vector games.  Modeling instruction is a student-centric approach for teaching 
physics, although the method has now been used for other subjects, and was developed 
by David Hestenes and colleagues at Arizona State University (Wells, Hestenes, & 
Swackhamer, 1995).  A model is “a representation of structure in a physical system 
and/or its properties" (Hestenes, 1997, p. 8).  The Newtonian mechanics curriculum is 
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divided into approximately nine models (O’Shea, 2014).  The models relevant for the 
Space Vector games include the constant velocity particle model, the constant 
acceleration particle model, and the projectile motion particle model.  Models are 
presented in a succession of modeling cycles that last about two weeks each and consist 
of construction, analysis, validation, and deployment (Hestenes, 2010).  Students are 
introduced to a motion such as constant velocity and are given the necessary conceptual 
and physical tools to articulate the model (construction and analysis), test the model 
(validation), and use the model in a new context (deployment).  Students prototype their 
ideas like a designer or software engineer.  Learning representation techniques is an 
important part of modeling discourse.  Students learn to make graphs, tables, and force 
diagrams (Hestenes, 1987; Hestenes, 1995; Wells, Hestenes, & Swackhamer, 1995; 
Hestenes, 1997, Hestenes, 2008), and students are expected to defend their ideas in class, 
usually by making presentations on whiteboards (Wells, Hestenes, & Swackhamer, 1995; 
Hestenes, 2008; Hestenes, 2010; Hestenes, Megowan-Romanowicz, Osborn-Popp, & 
Jackson, 2011).  Hestenes compares the process to playing a game, where creating an 
accurate model is a win (Hestenes, 1992; Hestenes, 1993; Hestenes, 2010). 
 Practitioners of modeling instruction use the Force Concept Inventory (FCI) 
(Hestenes, Wells, Swackhamer, Halloun, Hake, & Mosca, 1995) as their primary 
assessment tool for measuring conceptual understanding of kinematics and force.  The 
FCI has thirty multiple-choice questions with five possible answers per item.  The FCI 
both identifies concepts that students have mastered as well as any misconceptions that 
they may have.  Scores below 60% are considered pre-Newtonian level understanding, 
and scores above 80% are considered indicative of Newtonian level conceptual mastery 
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(Hestenes, Wells, & Swackhamer, 1992).  The FCI has been used to assess thousands of 
high school and university students.  The mean pretest score is usually around 26%.  The 
mean posttest score is 42% after traditional instruction, 52% after instruction by a novice 
modeling instructor, and 69% after instruction by an expert modeling instructor 
(Hestenes, 2008).      
 
Educational Games and Software for Newtonian Mechanics 
 Educational software and video games that teach Newtonian mechanics have 
existed since the beginning of the development of personal computers.  White (1984) 
describes a series of simple games in which a player must manipulate a spaceship to 
accomplish specific tasks such as stopping on a dock or maneuvering around a corner to 
avoid hitting walls.  Although the experiences are described as games, they would 
probably be considered simulations by contemporary players.  The Boxer software 
package, which Andrea diSessa describes as a “prototype computational medium” 
(diSessa, 2000, p. 30) has been used to teach Newtonian mechanics concepts such as 
constant velocity and constant acceleration (diSessa, 2000, pp. 30-36).  Boxer is a 
descendant of the Logo programming language (diSessa, 2000, p. 118), in which students 
can define dynamic models.  Students can implement and modify physics equations to 
see how objects move.  Researchers involved with the PhET Interactive Simulations 
project (Perkins et al., 2006; Adams, Dubson, Wieman, Adams, & Perkins, 2008) have 
released dozens of simulations that are freely available.  Although PhET stands for 
Physics Education Technology, there are now simulations for a wide range of natural 
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science topics.  The simulations are primarily intended as supporting materials for a class, 
but the simulations are standalone programs that may be explored by individuals.       
A few casual video game projects that teach introductory Newtonian mechanics 
have been developed and evaluated.  (Results from these video games are compared to 
the results of the Space Vector studies in chapter 6.)  In Newton’s Playground (Shute, 
Ventura, & Kim, 2013), players work through a series of puzzles in which they have to 
guide one balloon to another balloon.  The game uses game mechanics similar to Crayon 
Physics Deluxe (Purho, 2009).  Unlike Crayon Physics Deluxe, the physics in Newton’s 
Playground is completely correct.  The players “draw or create four different agents:  
incline plane/ramps, pendulums, levers, and springboards” (Shute, Ventura, & Kim, 
2013, p. 424) to move the balloon.  Mecanika (Boucher-Genesse, Riopel, & Potvin, 
2011) is also a series of puzzles, where players have to collect stars with a robot.  The 
player must help the robot move across the screen and avoid obstacles.  SURGE (Clark et 
al., 2011; Adams & Clark, 2014) is a project that has evolved considerably.  In the 
original SURGE (Clark et al., 2011), players must steer and adjust the engines of a 
spaceship as it travels along a path and fulfills various objectives.  For example, players 
must adjust the velocity of the spaceship in real-time as necessary to prevent hitting 
walls.  In SURGE:  The Fuzzy Chronicles (Adams & Clark, 2014), players must guide a 
spaceship across a grid to a goal location.  Players must plan how to adjust the 
spaceship’s trajectory by reaching and helping Fuzzies, little characters, along the way. 
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Situated Learning 
Video games can put learning in context and embody useful learning principles. 
Early work by Malone (Malone, 1980; Malone, 1981, Malone, 1982) showed that context 
is important for enjoyment, and that video games use either intrinsic or external fantasy 
with respect to their game mechanics.  Fantasy denotes the theme of the game.  In an 
intrinsic fantasy, the game mechanics and the game theme are aligned as in Space Vector 
2 and the other previous games with an outer space theme.  In an extrinsic fantasy, the 
game elements are not really part of the learning activity.  Malone showed that intrinsic 
fantasy increases enjoyment and motivation (Malone, 1980), and Malone associates game 
mastery with expertise (Malone, 1982).  This is an idea that has been further developed 
by others. 
The game designer, Raph Koster, explicitly claims that game mastery is learning.  
Koster uses the word, grok, to describe what good games do.  Grok means to “understand 
something so thoroughly that you have become one with it and even love [Koster’s 
italics] it” (Koster, 2005, p. 28).  Video games can accomplish this because the events of 
the video game  are “embodied in the player’s own choices and actions in a way they 
cannot be in books and movies” (Gee, 2007b, p. 79)  Once a game is mastered, the 
learning goal is accomplished, and the player may go on to a new experience (Koster, 
2005, p. 126). 
Learning is more than mere data processing or symbol processing since learning 
involves the interpretation of one's experiences and learning to adapt based on one's 
experiences (Gee, 2007b, pp. 71-72).  Our language is influenced by our body and actions 
(Gee, 2007b, p. 72), which mean that play influence how students learn concepts.  Good 
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game designs automatically teach players by encouraging exploration, by scaling 
difficulty, and by fusing teaching, learning, and assessment in a natural way.  As Gee 
says (Gee, 2007a), “there is never a real distinction between learning and playing” (p. 
61).   Videogames allow players to try out ideas, where players do not have to know what 
something means at the very beginning of an experience. Meaning is discovered through 
trial and error and modeling, which corresponds to the scientific method since “concepts 
are never set and finished”   (Gee, 2007b, p. 91).  This also implies that small-scale 
games have the potential to produce positive learning outcome since they can create 
“situation-specific meaning” (Gee 2007b, p. 82) just like a large budget video game.   
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CHAPTER 3 
GAME DESIGNS 
Space Vector 1 Game Design 
Space Vector 1 is a 2D casual game (a two-dimensional, 1980’s-style arcade 
game) that is an example of the side-scrolling video game genre.  In side-scrolling games, 
the game elements and action scroll horizontally across the screen during play.  Famous 
examples of side-scrolling games include Defender (Williams Electronics, 1980), 
Vanguard (SNK Corporation, 1981), Scramble (Konami, 1981), and Cosmic Avenger 
(Universal, 1981).  The games in this genre have simple—but engaging—game 
mechanics.  Since video games are resource intensive to develop, demonstrating good 
learning outcomes with simple game mechanics and simple digital assets is important.  
There is no inherently compelling reason to believe that educational games have to be 
expensive and extremely graphically rich to be effective.  Space Vector 1 was developed 
with Panda 3D (Version 1.7.0), a free, professional-quality game engine (Entertainment 
Technology Center, 2010).   
Like the previously mentioned video games, Space Vector 1 has a science fiction 
theme.  The player is a pilot who flies over extraterrestrial planets and either drops 
supplies to help explorers or drops bombs on enemy robots.  Players choose what kind of 
objects they will drop at the beginning of the game.  (The word, cargo, will be used to 
refer to the player’s choice of bombs or supplies henceforth.)  The science fiction theme 
allows every mission to be on a different planet, so changes in gravity can be justified.  
The game engine also tells players that they are training in a simulator.  This justifies the 
use of incorrect physics, which players must identify.  Players score points when cargo 
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hits targets.  Space Vector 1 has a sequence of required tutorial missions and 10 levels 
which are defined by total score.  The tutorial missions roughly correspond to the levels.  
The player wins when all the required missions and levels are completed, and the total 
score is at least 55,000 points. 
Missions introduce gameplay and physics concepts in a specific order.  The 
beginning missions allow players to practice the game mechanic (the primary game 
action) and learn the visual interface.  Mission 1 introduces the game mechanic of 
dropping cargo.  The player controls the spaceship with the keyboard.  The player can 
make the spaceship go up, go down, accelerate, decelerate, fire at obstacles, and generate 
a three second protective shield.  During missions, the game engine shows the number of 
cargo remaining (Drops Left), the number of successful cargo deliveries (Hits), the 
mission score (Score), the weight of the cargo being dropped, and a message when the 
mission goals are achieved.  (See Figure 1.) 
 
Figure 1. Tutorial mission where the player is dropping a supply. 
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There is a quota of cargo deliveries that must be met (usually 3 or 4 targets depending on 
the mission) to advance to the next mission.  If the player does not meet the quota or if 
the spaceship crashes for any reason, the quota for targets is reduced to prevent the player 
from becoming frustrated.  If necessary, the quota may be reduced down to one 
successful cargo drop to have a successful mission.  After each mission, the game engine 
shows the player the following information:  the current level, the score for the mission, 
the player’s total score, and the amount of points needed to advance to the next level.  
Mission 2 introduces dynamic scoring:  the higher and faster the spaceship flies, the more 
points the player receives when a target is hit.  Before mission 3 begins, players are asked 
whether they believe they must change their play strategies if the weight (mass) of the 
cargo changes.  During the mission, the weight of the next cargo to be released is 
displayed in the top middle of the screen and is either “10 Light” or “100 Heavy.”   The 
physics for the mission is correct.  At the end of the mission, the game engine asks the 
player whether weight affects acceleration, and the player must press a button to answer 
the question.  After the player answers, the game engine gives appropriate feedback.  For 
mission 4, the player repeats the mission but, this time, the weight does affect the 
acceleration.  The player is told that the physics for the mission is wrong before playing 
the mission.  This gives the player an opportunity to see and experience how this 
misconception would be simulated.  In mission 5, the game introduces ground missiles, 
which threaten the spaceship.  The player must destroy or avoid the missiles.  Otherwise, 
if a missile touches the spaceship, the spaceship is destroyed.  The player can also create 
a three second shield around the spaceship for protection.  As the player completes 
missions, more space mines and missiles appear to increase the difficulty of missions and 
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are adjusted according to the percentage of successful cargo drops that are made in the 
previous mission.  Before starting mission 5, the game engine tells the player to watch 
how objects fall to see whether the physics is correct.  After the player successfully 
completes the mission, the game engine asks the player whether the physics was correct, 
and the player must press a button to answer the question.  (See Figure 2.)  The player 
receives extra points if the answer is correct.  Mission 5 marks the end of the introductory 
tutorials.  The last group of missions systematically introduces physics concepts. 
 
Figure 2.  Question following the conclusion of mission 5. 
 
Mission 6 introduces vectors (a length with a direction) and a new type of 
mission, the prediction mission, where players must make predictions on a grid.  First, the 
player reads a short series of screens that explain vectors and provide examples of 
vectors.  The instructional screens also mention the independence of horizontal and 
vertical motion is mentioned.  After the instructional screens, the game engine presents a 
grid with a cargo.  (See Figure 3.)   
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Figure 3.  The prediction grid screen where the player plots cargo motion. 
 
On the top of the screen, the player is given an initial horizontal velocity for the 
spaceship and a gravitational constant.  The player must graph where the spaceship will 
be one second into its flight (time = 1 second), two seconds into its flight (time = 2 
seconds), and three seconds into its flight (time = 3 seconds) by dragging ship icons into 
the appropriate squares.  Likewise, the player must also graph where a falling cargo will 
be for each time after it is released from the starting position.  For this mission, incorrect 
vertical positions of cargo are accepted as long as they are in the correct horizontal 
position, especially since acceleration has not been discussed.    For example, if the 
player graphs the descent linearly using the value of the gravitational constant, this is 
accepted as a correct answer.  After the predictions are made in mission 6, players can 
make adjustments before the flight begins.  Once the player confirms the predictions, the 
game engine introduces the new type of flight mission (prediction mission).  Now, the 
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player becomes a copilot who no longer drops the cargo.  Rather, the player has to protect 
the ship from mines and missiles while a robot pilot adjusts the ship using the predictions 
made by the player on the grid.  The player can use the mouse to fire in all directions and 
can activate the temporary protective shield when needed.  Specifically, the game engine 
adjusts the height of the spaceship so that the spaceship always releases the cargo at the 
correct position, but the cargo may fall short or long of the target if the predictions are 
incorrect.  At the end of the mission, the player is told whether the vertical positions for 
the cargo were correct, but the mission is considered successful if the horizontal positions 
are correct, and there is a message that vertical motion and acceleration will be taught 
later if the vertical positions are incorrect.  The player receives bonus points if the 
predictions are correct on the first try. 
During prediction missions, the spaceship drops 15 cargos.  The first five hit the 
target (if the prediction for the first cargo is correct) at one second (time = 1 second).  
The next five (6 through 10) hit the target (if the prediction for the second cargo is 
correct) when time = 2 seconds, and the last five (11 through 15) hit the target (if the 
prediction for the third cargo is correct) when time = 3 seconds.  To allow enough time 
for objects to drop, the spaceship must fly higher for each group of five.  When the 
spaceship’s height increases, the player must pull back the camera to get a full view of 
the spaceship and landscape.  (See Figure 4.)  The purpose of this design is to give the 
player multiple opportunities to see whether the first, second, and third second position 
predictions are correct and to see the consequences of the predictions when they are not 
correct.  
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Figure 4.  Prediction mission with the camera pulled back for a complete view. 
 
Once the player reaches mission 6, the missions may change between prediction 
missions, as previously described, and misconception missions, where the player steers 
the spaceship (exactly like the first five missions) and then must answer a question about 
whether the physics is correct.  There are three possible problems with the physics:  a 
heavy cargo falls faster than a light cargo, a cargo may fall at a constant velocity although 
the gravitational constant is not 0, or the horizontal vector may not be correct (a cargo 
appears to fall backwards from the spaceship).  (See Figure 5.)  Missions 7 through 9 
continue instruction in the concepts.  After mission 9 is complete, the player continues to 
play prediction and misconception missions until a winning score is reached.   At this 
point in the game, the prediction missions no longer have any instruction screens before 
presenting the grid. 
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Figure 5.  The player answers whether a mission had incorrect physics. 
 
 
Missions 7 through 9 are the last missions with instruction screens and are 
prediction missions like mission 6.  Mission 7 introduces uniform motion (when velocity 
does not change).  In this mission, the player succeeds if the horizontal predictions are 
correct and if the vertical positions for cargo are spaced as if falling with constant 
velocity.  Specifically, the player can graph the downward motion linearly instead of 
making a half parabola, but the targets are not hit when the spaceship flies over the 
landscape.  Mission 8 introduces gravitational force, and acceleration (rate of change of 
velocity).  When plotting motion on the grid, the player is asked to approximate the 
acceleration by successively adding the gravitational constant for each second and using 
this value to graph the vertical position of the falling cargo.  The design idea is to 
introduce the concept of rate of change by making an approximation of position using the 
velocity without forcing the player to calculate the vertical position using a formula.  
Acceleration can be a difficult concept to learn (Trowbridge & McDermott, 1981), and 
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this is an attempt to, at the very least, make players understand that, when acceleration is 
not zero, the velocity must change over time.  During this mission, if the player makes a 
mistake when plotting the horizontal positions, the game engine gives the player hints to 
move the spaceship or cargo left or right until the player places everything in the correct 
horizontal positions.  Mission 9 introduces the equation relating gravity and position 
(positionfinal = positionstarting + velocitystarting x time + ½ gravitational constant x time2) and 
provides an example of how the values change as a cargo falls.  While graphing, there is 
a help button that shows the equation when pressed, but there is no calculator available 
for the player.  One of the difficulties, found during testing, is that players may have 
difficulties calculating the values in their heads, especially since there are fractional 
values.  Like the previous mission, if the player graphs a horizontal position incorrectly, 
the game engine gives hints to move the spaceship or cargos left or right until all the 
horizontal positions are correct.   
Once mission 9 is complete, all of the required tutorial missions are complete.  
The game engine chooses randomly whether the player will have a prediction or a 
misconception mission from this time forward.  If the player has a prediction mission and 
the first attempt is unsuccessful, the player receives hints when plotting on the grid to 
ensure that the player sees and creates the correct answer on the second attempt.   If the 
player has a misconception mission and identifies whether and how the physics is 
incorrect, the player receives bonus points.  When all the required missions are complete, 
the player wins upon reaching level 10, which is a score of 55,000 points. 
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Space Vector 2 Game Design 
 Space Vector 2 is a 2D casual game (a two-dimensional, 1980’s-style arcade 
game) like Space Vector 1.  The premise of Space Vector 2 is that the player must help 
spaceships cross a portion of outer space by ensuring there are energy packets for a 
spaceship along its trajectory.  (See Figure 6.) 
 
 
Figure 6.  An example level one mission (designated L:1 in the top left) of Space Vector 
2 with asteroids and a missile. 
 
 
Energy packets are placed on a grid (the upper right quadrant of a Cartesian coordinate 
system).  The spaceship needs an energy packet precisely every second.  If the spaceship 
does not obtain an energy packet at the right time, it loses health and suffers a system 
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crash when its health reaches zero.  (The green bar in Figure 6 with the number 100 is the 
health bar.)  If the spaceship gets extra energy, it loses health because its energy system 
becomes overloaded.  Asteroids and missiles cross the grid and destroy energy packets 
and the spaceship upon impact.  Asteroids appear in random locations on the edge of the 
grid and move along a randomly chosen straight trajectory at a constant speed.  Missiles 
also spawn (appear) at random places along the edge of the grid, but they accelerate and 
steer toward specific targets such as energy packets or the spaceship itself.  If the target is 
destroyed before the missile makes contact, the missile flies toward another target.  
Players can click on the asteroids and missiles to destroy them.  If an energy packet is 
destroyed, an energy placeholder appears to mark where the energy packet was, and the 
player can click on the grid at the appropriate location to recreate it.  To challenge the 
player, a timer counts down to when the spaceship will start its flight after the player 
starts a mission.  When a player loses a ship, an X appears where the number of 
successful and unsuccessful missions is tracked, and the player has to play the mission 
again.  After four successful missions, the player advances to the next level. 
 
Space Vector 2 Game Levels 
 To win, the player must complete seven levels, each of which introduces at least 
one new concept.  The first level is uniform motion in a single dimension.  Uniform or 
constant motion is when velocity does not change.  Acceleration is zero.  In this level, the 
player is introduced to the concepts of speed, vector, and velocity.  A vector is speed with 
a direction.  Speed is a magnitude, a length, which can only have values equal to or 
greater than zero.  Therefore, direction is needed for negative values.  For example, 
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motion to the right is positive, and motion to the left is negative in accordance with the x-
axis of a Cartesian coordinate system.  Spaceship trajectories are either horizontal or 
vertical lines.  The second level is uniform motion in two dimensions.  The purpose of 
this level is to show that motion in one dimension is independent from motion in the 
other dimension.  Spaceship trajectories are diagonal lines.  The third level is acceleration 
in one dimension, where spaceship trajectories are a straight line.  The purpose of this 
level is to show that acceleration is change in velocity.  At this point, the goal is for the 
player to be comfortable with straight trajectories and should be comfortable with 
uniform motion and basic acceleration. 
After acceleration is introduced, the levels show spaceship trajectories that 
contain curves.  The fourth and fifth levels introduce gravity and the concept of force.  
Force is simply defined as a pull or a push (Hewitt, 2002, p. 35).  Gravity is a pull toward 
a planet or other massive object.  In the fourth level, the spaceship moves in a half 
parabolic trajectory, so there is constant velocity horizontally but acceleration vertically.  
(See Figure 7.)   
  34 
 
Figure 7.  A fourth level Space Vector 2 mission with a parabolic arc due to gravity. 
 
 
In the fifth level, players are introduced to projectile motion where the spaceship begins 
and ends on the ground of a planet.  (See Figure 8.)  The only force in these levels is 
downward acceleration due to gravity.  This level is also the first time when the 
acceleration is in the opposite direction of the initial velocity (in the vertical dimension), 
so the spaceship changes direction.   
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Figure 8.  A fifth level Space Vector 2 mission showing projectile motion.  
 
 
The sixth level is similar to the fifth level (parabolic arcs), but the missions takes place in 
space rather than on a planet.  The goal of this level is to show that parabolic arc 
trajectories are the result of acceleration in the opposite direction of the initial velocity (in 
one dimension) and to reinforce that gravity is acceleration.  For example, if the initial 
(starting) horizontal velocity is toward the right (a positive value) and there is horizontal 
acceleration toward the left (a negative value), the spaceship must change direction from 
moving to the right to moving to the left at some point.  (See Figure 9.)  For the final 
level, acceleration in both dimensions is introduced. 
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Figure 9.  A sixth level Space Vector 2 mission showing horizontal constant motion and 
vertical acceleration. 
 
 
Scoring and Win Condition 
The game ends when the player completes the levels and has at least 75,000 
points.  Players win points when they destroy asteroids and missiles.  There are also four 
possible point bonuses at the end of a successful mission: the “100% Ship Health Bonus” 
for completing a mission where the spaceship has 100 health points (the maximum), the 
“No Extra Energy Bonus” if there are no extra energies on the grid, the “Started Early 
Bonus” when the player starts the spaceship’s flight before the timer runs out, and the 
“No Xs Bonus” if no ships are lost for a mission (success on the first try).  Players also 
receive points when the spaceship arrives at a correctly placed energy packet.  (See 
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Figure 10.)  If the player finishes the levels without 75,000 points, the game engine will 
randomly select a mission from the last three levels until the player reaches 75,000 
points. 
 
 
Figure 10.  Summary of bonuses after a successful Space Vector 2 mission. 
 
 
Space Vector 2 Game Mechanics 
 Space Vector 2 has two game mechanics.  For the study, players were assigned to 
only one of the two mechanics.  The first is the prediction mechanic.  (See Figure 11.)  In 
this mechanic, the player is given the initial position, initial horizontal and vertical 
velocities, and horizontal and vertical accelerations of the spaceship.  The grid is blank, 
and the player must place the energy packets in the correct positions before the timer 
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counts down to zero.  If the timer reaches zero, the player can still place energy packets.  
To help the player, when the player moves the energy packet cursor over the grid, the 
player is given the spaceship’s directions, speeds, velocities, and accelerations (for the 
horizontal and vertical dimensions) for that position on the grid when the spaceship 
reaches that specific energy packet.   
 
 
Figure 11.  A Space Vector 2 prediction mission. 
 
 
The second mechanic is the programming mechanic.  In this mechanic, the initial position 
of the spaceship and correctly placed energy packets are given, and the player must 
program the initial velocities and accelerations of the ship.  (See Figure 12.  In the figure, 
the second energy packet from the left is the cursor for placing and deleting energy 
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packets.)  When the spaceship begins its flight, the spaceship settings (positions, 
directions, speeds, velocities, and accelerations) update in real time. 
 
Figure 12.  A Space Vector 2 programming mission. 
 
 
In both mechanics, arrows appear to show the initial velocities and the 
accelerations (if any).  For the initial velocities, the arrows appear at the appropriate 
distance from the spaceship to show how far the spaceship will go in that specific 
direction during the first second of its flight (assuming that acceleration in that direction 
is zero).  (See the white IV arrow in Figure 12.)  In the programming mechanic, the 
arrows adjust according to the player’s input.  For the prediction mechanic, the arrows are 
in place when the mission starts.  For example, if the initial velocity is 5 km/s to the left, 
  40 
then an arrow appears 5 km (5 lines on the grid) to the left of the spaceship when the 
mission starts.  In both mechanics, when the spaceship begins its flight, the arrows for the 
initial velocities disappear, but any arrows for acceleration stay and move with the ship 
throughout the mission like a force diagram.  (A force diagram is used in physics 
instruction to teach students to identify the forces of an object.  Forces are represented by 
arrows that point toward or away from the object being analyzed.)   
 
Dynamic Difficulty and Help 
 Space Vector 2 is designed with dynamic difficulty adjustments, just-in-time 
interventions, and help to prevent players from becoming so frustrated or confused that 
they cannot continue.  When the player begins a new level, there are no asteroids or 
missiles during the first mission, so the player has a chance to become familiar with the 
new physics concept without distractions.  Asteroids appear in the second mission of the 
level, and missiles along with asteroids appear in the third and fourth missions of a level.  
To increase the difficulty, when the player has a successful mission, the length of the 
warning timer shortens, the asteroids and missiles spawn (generate) more quickly, and the 
speed of the asteroids and missiles increases.  If the player loses a ship, time is added to 
the warning timer, and the asteroids and missiles slow down.  If a player needs 
information, a help button is provided that, when clicked, provides help topics on general 
information about the game (including the scoring bonuses and current level 
information), strategy advice for completing missions, and reviews of physics concepts.  
(See Figure 13.)  When looking at help, the game automatically pauses.  Whenever the 
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game is paused, the player may not make changes to any of the game settings or 
elements.   
 
 
Figure 13.  The Space Vector 2 main help screen. 
 
 
 If the player loses a mission, the player must repeat the mission until it is 
successfully completed.  After the player loses four ships, the game engine provides 
automatic help.  In the prediction mechanic, tracers gradually appear that show the 
correct energy packet placement, beginning with the energy packet that is closest to the 
ship.  If the player has to repeat the mission, energy tracers are put over the locations of 
energy packets that were correctly placed and successfully picked up by the spaceship, so 
the player does not have to calculate the location of every energy packet again.  In the 
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programming mechanic, the game engine reduces the setting choices until only the 
correct choices are available.  If a player has to repeat a mission, any correct settings are 
locked, so the player receives immediate feedback whether or not a setting was made 
correctly.  In both mechanics, if the player loses too many ships (the level number plus 
four), the player will not receive credit for that mission, which forces the player to 
practice the level before moving to the next level.   
 When the player completes a successful mission, the player can see the answers 
and replay the mission to review.  During replay, the spaceship’s settings update in real 
time.  This allows the player to see how velocity affects position and how acceleration 
changes velocity through a graphic representation. 
 
Tutorials and Just-In-Time Help 
There are two tutorials in Space Vector 2.  The first tutorial introduces the 
interface, game elements, and the game mechanic.  The second tutorial introduces 
acceleration at the beginning of the third level. 
 The first tutorial starts at the beginning of the game.  First, players learn how to 
destroy asteroids (Figure 14) and missiles (Figure 15) and to make and erase energy 
packets.   
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Figure 14.  The player learns to destroy an asteroid.  
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Figure 15.  The player learns to destroy a missile.  
 
 
Players also have to make an energy packet on a tracer, a faded energy packet that marks 
the position of energy packets that have been destroyed by asteroids and missiles.  (See 
Figure 16.)   
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Figure 16.  The player learns to use a tracer. 
 
 
Next, the player is given the goal of the missions depending on the mechanic, starts a 
mission, and must click on the warning timer as it begins its countdown.  At this point, 
the tutorial becomes specific to the game mechanic.  The tutorial is customized so the 
player receives coaching for playing the specific game mechanic.  In the programming 
mechanic, the player begins programming the spaceship and receives feedback whether 
the correct button was pressed.  (See Figures 17 and 18.)  When the mission starts and the 
spaceship reaches the first energy packet, the player must click on the horizontal velocity 
value to continue.  Once this happens, the spaceship moves again and the player must 
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click on the new position.  The purpose is to show the player how the position values 
update during a mission.   
 
 
Figure 17.  Start of the programming tutorial. 
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Figure 18.   Another programming tutorial screen. 
 
 
When the mission is complete, players must click on the spaceship icon in the top left 
corner.  Then, players play a mission in which the spaceship is already programmed, but 
an energy packet is missing.  They start the mission and see what happens when the 
spaceship reaches the gap.  An M sprite appears.  (See Figure 19.)  
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Figure 19.  Clicking the M sprite that represents a missing energy packet. 
 
  
Players must click on the M sprite and on the health bar, so they see how the health of the 
spaceship decreases.  The mission restarts with the same settings, but an extra energy 
packet is added.  Players start the game and an X sprite appears when the spaceship 
reaches the extra energy packet.  Players play two more partial missions, where a W 
sprite appears if a spaceship reaches an energy packet in the (correct) predetermined 
position but is reached at the wrong time (implying the spaceship is moving too fast) and 
where an S sprite appears if a second passes and the spaceship does not reach an energy 
packet (implying the spaceship is moving too slowly).   
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If the player is assigned the prediction mechanic, the player has to identify the 
horizontal velocity on the left side and place two energy packets in correct positions.  
(See Figures 20 and 21.)  The player receives feedback if attempting to place energy 
packets in the wrong location.  (See Figure 22.) 
 
 
Figure 20.  Instructions during the introductory tutorial for the prediction mechanic. 
  50 
 
Figure 21.  Instructions during the introductory tutorial for the prediction mechanic. 
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Figure 22.   Feedback for an incorrect input during the prediction mechanic. 
 
 
Similar to the programming mechanic, the game engine shows players what happens if a 
ship reaches a position where an energy packet is needed and missing or an extra packet 
is present.  That is, players must click on an M sprite for the former case and an X sprite 
for the latter case.   
After the introductory tutorial is complete, the player completes levels one and 
two, which cover constant velocity in one and two dimensions.  The second tutorial 
begins with level three, when acceleration in one dimension is introduced.  Learning 
acceleration involves a conceptual leap as this is when force comes into play.  The 
purpose of this tutorial is to show players that acceleration is a rate of change in velocity.  
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In the programming mechanic, the concept of acceleration is introduced and players are 
directed to program the spaceship.  Players receive feedback whether they choose the 
correct button.  (They have to use the positive horizontal acceleration button.)  After the 
mission begins, the spaceship stops at the first energy packet.  The game engine directs 
players to click on the horizontal velocity value, which has changed during the first 
second of the mission.  Players must click on the horizontal velocity value, which has 
increased, again when the spaceship reaches the second energy packet.  After the player 
does this, the mission continues and the tutorial ends.  In the prediction mechanic, the 
player must place energy packets by paying attention to the change in predicted velocity 
as the player moves the energy packet cursor over the grid.  The player is told explicitly 
what the velocity of the spaceship will be when time equals one second and when time 
equals two seconds.  The player receives feedback if an energy packet is placed in the 
wrong position.  After the first two energy packets are in place, the player completes the 
mission and regular play continues.    
During the game, information is given to the player precisely when it is needed 
(just-in-time help), so the player does not have to remember instructions from a tutorial.  
For example, when a missile first appears, the game engine reminds the player about 
missiles.  When players forget something, they can always use the help button to review 
how to play.  (See Figure 13 for a summary of help topics.)  Players can look at help 
screens during a mission.  If they do this, the game pauses automatically.  Also, players 
get a message if one of the sprites appears due to a missing or extra energy packet.  
Players assigned to the programming mechanic get a message due to an energy packet 
reached at the wrong time.  Players of either mechanic receive a message the first time a 
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mission fails that they will receive help if they continue to have difficulty.  If the player 
does not succeed at a mission four times, the game engine automatically displays a help 
screen.  The help screens rotate and are chosen to be appropriate to the level.  Players of 
both mechanics are invited to replay missions, see the answer, and read help screens after 
missions. 
 
Bonus Questions 
One of the challenges when creating video games for educational purposes is 
integrating professional language into the game in a natural way.  Ideally, the game 
mechanic and the language go together smoothly.  To emphasize professional language, 
bonus questions are used to allow the player to reflect on the missions and to review 
concepts.  The bonus questions were added in response to the results of the Space Vector 
1 evaluation where asking questions after missions most likely contributed to the increase 
in learning on specific items of the Force Concept Inventory.  Asking questions like this 
is a design compromise as it temporarily removes the player from the game, but the 
potential impact of the questions is measurable and could inform design choices in future 
work.  In the Space Vector 2 evaluation study, the use of bonus questions is a variable 
and players are assigned to a version of the game where bonus question are present or 
not. 
There are two types of bonus questions:  text questions that emphasize definitions 
and visual questions that ask the player to interpret a trajectory or compare two 
trajectories. Players only answer one bonus question per mission, and the type of question 
alternates.  Players receive a text question first and, then, receive a visual question after 
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the next mission is completed.  The player receives a bonus question after every mission, 
and the player receives extra points for answering a bonus question correctly.  The point 
value of answering a bonus question correctly linearly increases for each consecutive 
question that is answered correctly.  If the player answers a bonus question incorrectly, 
the point value of the questions decreases to the starting value, and the player has to 
establish another streak of correct responses to raise the point values again.  Specific 
questions are associated with each level, so new questions are introduced as the player 
advances to new levels.  Bonus questions are not repeated until each one has been 
answered correctly at least once.  Appendix A lists all the text questions, and Appendix B 
lists all the visual questions.  (See Figures 23 and 24 for an example of each.)   
 
 
Figure 23.  A Space Vector 2 bonus text question:  Question 3 in Appendix A. 
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Figure 24.  A bonus visual question.  (An example of question #1 in Appendix B.) 
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CHAPTER 4 
METHODOLOGY 
Bayesian Data Analysis Methods 
 Bayesian statistical methods were used for the data analysis of the studies in this 
dissertation rather than frequentist statistical techniques.  Bayesian and frequentist 
statistics are both based on rigorous mathematical theories, but probability is defined 
differently, where the assumption in frequentist statistics is that probability is the limit of 
a long range frequency (Berry, 1996, p. 114; Jackman, 2009, p. 4; Kruschke, 2012, pp. 
25-27) and the assumption in Bayesian statistics is that probability is based on rational, 
evidence-based beliefs (Berry, 1996, p. 121; Jackman, 2009, p. 6; Kruschke, 2012, pp. 
28-29).  Kruschke (2013a) describes Bayesian inference as the “reallocation of credibility 
across a space of candidate possibilities,” where Bayesian inference “reallocate[s] belief 
toward parameter values that are consistent with the data and away from parameter 
values that are inconsistent with the data” (p. 574).  Quantitative educational research is 
still dominated by frequentist statistics as evidenced by the common use of null 
hypothesis significance testing (American Psychological Association, 2010, p. 33).  The 
current Publication Manual of American Psychological Association recommends 
reporting confidence intervals and effect sizes (American Psychological Association, 
2010, p. 33), but the authors still assume that researchers are working within a frequentist 
framework and do not address reporting standards for Bayesian statistical methods.   
A substantial literature on the criticism, misinterpretation, and overuse of null 
hypothesis significance testing (NHST) has developed over recent decades (Rozeboom, 
1960; Bakan, 1966; Berger & Berry, 1988; Cohen, 1994; Gigerenzer, 2004; Gigerenzer, 
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Krauss, Vitouch, 2004; Ziliak & McCloskey, 2008; Cumming, 2012; Kline, 2013). 
 Students and researchers often misinterpret both p values and confidence intervals and 
give confidence intervals Bayesian interpretations (Gigerenzer, 2004; Gigerenzer, 
Krauss, Vitouch, 2004; Jackman, 2009; Cumming, 2012).  As these and other authors 
point out, NHST is a combination of theories that were never meant to be combined: 
 Ronald Fisher’s significance testing and Neyman-Pearson hypothesis testing. 
 Researchers use the Neyman-Pearson technique but interpret a p value as evidence for or 
against a null hypothesis in line with Fisher’s interpretation (Salsburg, 2001, pp. 98-100 
and 108-110; Cumming, 2012, p. 25).  Also, NHST has many technical problems 
including:   critical values depend on the intention of the researcher which affects the 
probability space (Kruschke, 2011), multiple comparisons require adjustments of critical 
values (Kruschke, 2011), data often violates test assumptions that affect robustness 
(Kline, 2013, p. 13), and the NHST t test cannot accepted the null hypothesis (Kruschke, 
2013a) and so forth.   
These problems have serious implications for the trustworthiness and use of 
research.  Ioannidis (2005) argues that most research is false largely due to an 
overreliance on p values among other issues.  He focuses on medical fields, but the 
arguments apply to other fields, too, where NHST is the norm.  Kline (2013) says “one 
can argue that data analysis practices in the behavioral sciences are based more on myth 
than fact” (p. 4).  Although researchers are now encouraged to provide confidence 
intervals and effect sizes, reporting only p values and effect sizes together is still 
problematic.  Fritz, Scherndl, and Kühberger (2012) make a particularly strong claim 
about the potential harm of attempts at reforming statistical reporting: 
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However, without additional reporting of confidence intervals in combination  
with the current practice of dichotomous decision making, this practice [reporting  
p values and effect sizes only] has the potential to be highly misleading, since it  
leads to an overestimation of effect sizes. For any research area where a negative  
correlation between sample size and effect size can be shown, the advice to report  
effect size in addition to p level does probably more harm than good and should  
therefore be abandoned. To the degree that number of—significant and therefore  
published—studies is used as the indicator of scientific success rather than  
substance of the papers, these problems might even get worse. (p. 114) 
 
Although confidence intervals can aid interpretation of results, frequentist confidence 
intervals still have limitations.  For example, confidence intervals do not provide 
distributional information about the parameter or parameters in question, but the 
Bayesian techniques used in this dissertation can provide this information and, thereby, 
provide more meaningful information for interpreting study results (Kruschke, 2013a, p. 
588). 
Bayesian statistics has more advantages over NHST than merely providing a 
distribution of values for parameters.  Bayesian statistics can more easily handle missing 
data, unbalanced designs, complicated hierarchical designs, and can provide more 
intuitive and complete answers to research questions (Jackman, 2009; Kruschke, 2011).  
For data analysis, Bayesian estimation models were used.  The first was a Bayesian 
estimation model that is a substitute for the frequentist t test developed by Kruschke 
(2013a).  The second was a Bayesian 2 x 2 ANOVA using modified software developed 
by Kruschke (2011 and 2013b).  The data analysis was made using the R language (R 
Development Core Team, 2011) and JAGS language (Version 2.12.1) (Plummer, 2003) 
and RStudio (Version 0.97.551), an integrated development environment for the R 
language.   
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Bayesian Model for Two Groups 
This study uses a Bayesian estimation model and software package called BEST 
(Bayesian Estimation Supersedes the t Test) created by Kruschke (2013a) that is a 
 Bayesian substitute for the t test, which can be used for both comparing two different 
groups or a change in a single group.  The model “generates a large representative sample 
of credible parameter values from the posterior distribution” (Kruschke, 2013, p. 576) 
including the mean, standard deviation, effect size, and normality for both groups.  The 
software also provides a posterior predictive check, which compares a selection of t 
distributions to the data to provide a visual check whether the model fits the data.  A 
posterior probability distribution is a probability distribution for a parameter given some 
initial probability distribution, called a prior in Bayesian statistics, and evidence 
(likelihood) (Kruschke, 2011, p. 56).  (The area under the distribution curve must equal 1 
like any other probability distribution.)  The sample values are generated using a Markov 
Chain Monte Carlo (MCMC) algorithm.  The model also calculates the highest density 
interval (HDI) for each parameter.  The HDI may also be known by different names such 
as the highest density region or Bayesian confidence interval (Jackman, 2009; Kruschke, 
2011; Lee, 2012).  The HDI represents 95% of the probability mass (or probability 
density) of the distribution and represents the part of the distribution considered to be 
credible values for the parameter.  In a 95% HDI, there is a 95% chance that the 
parameter is in the HDI given the prior distribution and evidence.  The mode value is the 
most likely value.  The model uses t distributions to model the data, and normality refers 
to a parameter, ν (Greek nu), that describes how close the t distribution is to a normal 
distribution.  A value of 1.5 or higher is considered a normal distribution.  Lower values 
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indicate t distributions with fat tails that are needed to account for outliers.  Other 
distributions may be used if needed.  (See Kruschke (2013a) for complete details of the 
model including the default prior distributions and examples of its use.)  
 
Bayesian Model for ANOVA 
For the Space Vector 2 evaluation, another Bayesian estimation R program by 
Kruschke (2013b) was used for a 2 x 2 ANOVA.  This estimation model allows multiple 
comparisons (Kruschke, 2011, p. 526-528) and is robust for both unbalanced designs 
(unequal groups) (Kruschke, 2011, p. 522) and outliers (Kruschke, 2013b).  Like BEST, 
the software makes a representative sample of the posterior distributions for the grand 
mean, marginal means, and individual group means as well as distributions for the 
corresponding standard deviations and main effects.  The model description is given in 
Kruschke (2011, pp. 515-520).  Kruschke (2013b) is a revision of the code found in 
Kruschke (2011, pp. 535-544), where Kruschke (2013b) is more robust and is written in 
JAGS rather than BUGS. 
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Space Vector 1 Study Methodology 
Participants 
Sixty-five students (N = 65) participated in a study to evaluate Space Vector 1.  
Nearly twice as many women participated than men (41 women, 24 men). The students 
ranged in age from 18 to 36 (M = 20, Mdn = 20).  Students were recruited from an 
undergraduate educational technology class, Computer Literacy (Educational Technology 
321) at Arizona State University, and students received course credit for participating in 
the study.   (All students were required to participate in two hours of educational 
technology research as part of the course requirements.  The students chose the research 
projects in which to participate.)  Approximately 42% of the students had no prior 
physics instruction, and another 42% had taken physics in high school. (See Table 1 for a 
summary of background survey responses including participants’ physics instruction and 
video game playing experience.)  Although 46% of the participants reported playing 
video games “never or very rarely,” 88% of the participants reported playing video games 
on a console device (such as a Sony PlayStation, Microsoft XBox, or Nintendo Wii), and 
many participants reported playing games on computers and mobile devices.  This 
suggested that, although participants may not have considered themselves gamers or 
played video games very much, most participants had played a video game on a major 
console. The amount of game play may not have been as high in this group compared to 
other possible samples, but these percentages indicated there was familiarity with video 
games and some video game literacy in this group of participants.  The two most popular 
video game genres were Sports and Racing and First Person Shooter games, where 77% 
and 45% of the participants reported playing these genres respectively.  The casual games 
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genre was the third most popular genre.  The casual game genre is very broad, and 
participants may not have understood genre distinctions although examples of games 
were listed for clarification in the background survey.  It cannot be assumed that the 
participants would be familiar with a video game like Space Vector 1.  This group of 
students was probably a more challenging group to study since they were not necessarily 
preparing to take physics and a large percentage were not necessarily enthusiastic about 
playing video games.    
 
Instruments 
A background questionnaire, an attitude questionnaire, a shortened version of the 
Force Concept Inventory (FCI), and pretest and posttest answer sheets were created for 
the study.  The background questionnaire was used to record participants’ level of 
completed physics instruction, video game playing habits (genre experience, platform 
experience, and frequency and length of video game playing sessions), gender, and age.  
(See Appendix C for the Space Vector 1 instruments.)  The attitude questionnaire has ten 
five-level Lickert items, where 1 means strongly disagree and 5 means strongly agree, 
and a free response section where participants can describe the three worst things and 
three best things about the experience and provide further comments.  The FCI is 
discussed below in the measures section.  Students were asked to record their answers for 
the pretest and posttests on separate sheets. 
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Table 1 
Summary of Background Questionnaire Responses for Space Vector 1 
  
Item Number of Participants (%) 
  
Total Physics Instruction  
None  27 (41.5) 
Less Than 1 Year High School 14 (21.5) 
At Least 1 Year High School 13 (20.0) 
Less Than 1 Year College 2 (3.1) 
At Least 1 Year College   9 (13.8) 
Completed Undergrad Degree 0 
Completed Graduate Degree 0 
  
Video Games Genre Experience   
Role Playing Games   9 (13.8) 
Sports and Racing Games 50 (76.9) 
First Person Shooters 29 (44.6) 
Real Time/Turn-Based Strategy 4 (6.2) 
Massively Multiplayer Online Games 3 (4.6) 
Action Games 21 (32.3) 
Casual Games 25 (38.5) 
Simulation 24 (36.9) 
Adventure 6 (9.2) 
Not sure    4 (6.2) 
  
Platform Experience  
Desktop/Laptop Computer 32 (49.2) 
Game Consoles 57 (87.7) 
Handheld Console   19 (29.2) 
Cell Phone or Other Mobile Devices 29 (44.6) 
  
Frequency of Play during the Week  
Never or very rarely  30 (46.2) 
One or two days per week at most 25 (38.5) 
Three to five days per week 6 (9.2) 
Daily 4 (6.2) 
  
Length of Game Play Sessions  
Rarely 25 (38.5) 
Single session up to 30 minutes    17 (26.2) 
Single session greater than 30 minutes     16 (24.6) 
Multiple sessions up to 30 minutes  5 (7.7) 
Multiple sessions greater than 30 minutes each 2 (3.1) 
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Measures 
The pretest and posttest were the same test and consisted of a subset of fifteen 
questions from the Force Concept Inventory (FCI).  The FCI is a commonly used test to 
determine students’ understanding of force after completing high school or college 
instructional units on Newtonian mechanics, which is usually the first semester of physics 
instruction (Hestenes, Wells, & Swackhamer, 1992; Hestenes, Wells, Swackhamer, 
Halloun, Hake, & Mosca, 1995).  The FCI is a multiple choice test with five choices per 
item.  The FCI also identifies specific incorrect theories that students have about force 
prior to instruction.  The FCI has thirty questions, so half the original test was used.  The 
questions were the following items, which were kept in the same order and renumbered 
on the test:  1, 2, 3, 8, 9, 12, 13, 14, 19, 20, 21, 22, 23, 24, and 30.  (The owners of the 
Force Concept Inventory due not allow the republication of the test.  A copy may be 
requested from the American Teachers Modeling Association.) Questions were chosen 
only if they addressed topics in the game including:  the relationship between 
weight/mass and acceleration, trajectories of items in freefall, the application of forces, 
the addition of force vectors, and the ability to distinguish position, velocity, and 
acceleration.   The other questions were not used because they dealt with topics such as 
circular motion that were not in the game. 
 
Research Design 
The study was a single group pretest-posttest design.   
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Procedures 
Participants completed a background survey, a pretest, a game play session of 
approximately ninety minutes, a posttest, and an attitude survey in a single session lasting 
approximately two hours. The study was conducted over two weeks.  Students arrived at 
a computer lab specifically set up for Space Vector 1 in groups of at most six people. 
Some software problems were fixed in the game after the first sessions of students, so 19 
students played versions of the game with software errors.  This data, however, was still 
used since the software problems were problems in the programming logic that caused 
the game to end prematurely.  The data could be useful although this subset of data could 
depress the results. 
 
Data Analysis 
The following describes the statistical techniques that were used to answer the 
hypotheses posed to answer Research Question 1 concerning Space Vector 1:  Does 
playing Space Vector 1 help students learn any physics concepts pertaining to Newtonian 
mechanics? 
 
Hypothesis 1:  Playing the video game will create an increase in learning as measured on 
the Force Concept Inventory. 
This is a restatement of the research question.  A Bayesian estimation model for a 
single group was used, which is a Bayesian substitute for the dependent t test (Kruschke, 
2013a), where the dependent variable was the difference score (the posttest minus the 
pretest).  This Bayesian estimation model was used because it can accept a null 
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hypothesis, unlike a t test, and can provide a useful estimation of parameter values unlike 
the t test (Kruschke, 2013a).   The software for the analysis was the code that 
accompanied Kruschke (2013a). 
 
Hypothesis 2:  There will be no difference in the change of mean scores between players 
who chose to drop bombs and players who chose to drop supplies. 
Since it was possible that some players would object to the use of violence, an 
option was given for players to choose whether to drop bombs or supplies on targets. 
 The same Bayesian estimation model was used as for the previous hypothesis although 
this version was appropriate for two different groups.   
 
Hypothesis 3:  There will be no difference in the change of mean scores between female 
and male players. 
The participants happened to skew female.  The Bayesian estimation model for 
two different groups was used to check if there was any difference in performance 
between females and males. 
 
Hypothesis 4:  Players with no previous physics instruction will learn more than players 
who have had high school or college physics instruction. 
Most participants had no physics instruction.  It would be possible that 
participants with no physics background would learn and benefit more than those with 
some physics background.  The Bayesian estimation model for two different groups was 
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used to check any difference in performance between those without physics instruction 
and those with high school or college physics instruction. 
 
Hypothesis 5:  Participants who play video games will have a larger score increase than 
participants who never or rarely play video games. 
It is possible that participants who never or rarely play video games would be at a 
disadvantage compared to those participants who play video games.  Participants, who 
play video games, could have a higher level of video game literacy that could help them 
master the conventions of the game.  The Bayesian estimation model for two different 
groups was used to check any difference in performance between those participants who 
never or rarely played video games and those participants who played video games. 
 
Hypothesis 6:  Participants who play casual games will not score better than players who 
do not play casual games. 
Participants may prefer certain video game genres over others and, thus, have 
different knowledge of game play conventions prior to the study.  It is possible that 
participants who play casual games may have an advantage, but it is expected that any 
differences in performance would be small.  The Bayesian estimation model for two 
different groups can be used to check any difference in performance. 
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Space Vector 2 Study Methodology 
Participants 
Eighteen students (N = 18) participated in a study to evaluate Space Vector 2.  All 
the participants were students at a public high school in Allegheny County, Pennsylvania 
Nearly all the participants were boys (16 boys, 2 girls).  Half the students were 15 years 
old, and all the other students were 16 years old.  None of the students had taken physics.  
Also, none of the students claimed to have taken a physical science course.  (See Table 2 
for a summary of background questionnaire responses.)  Only one participant reported 
rarely or never playing video games.  Most of the participants reported playing video 
games between one and five times per week.  Nearly all of the participants reported 
playing video games on a console device (such as a Sony PlayStation, Microsoft XBox, 
or Nintendo Wii), and over half the participants reported playing video games on tablets 
and mobile devices.  (All students at the school were provided with an Apple iPad.)  Half 
the participants claimed to play video games multiple sessions during the day when they 
played games.  For this version of the background questionnaire, participants were asked 
to name the last three games they played rather than identify the genres they played since 
many people who play video games may not be able to describe genre differences.  
Action games (including first-person shooters) and sports games are the most represented 
types of games.  Table 3 is the list of all the video games that were reported by the 
participants.  In some cases, participants only gave the name of a franchise such as 
Madden without specifying a specific version of the franchise.  Therefore, the list 
contains some franchise names rather than specific titles.  Since casual games are barely 
represented, it cannot be assumed that the participants would be familiar with a video 
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game like Space Vector 2.  This group of students had a high degree of video game 
literacy.    
 
Table 2 
Summary of Background Questionnaire Responses for Space Vector 2 
  
Item Number of Participants (%) 
  
Total Physics Instruction  
None  18 (100) 
Course in Physical Science 0 (0) 
At Least 1 Year High School 0 (0) 
More Than 1 Year College 0 (0) 
  
Platform Experience  
Desktop/Laptop Computer 8 (44.4) 
Game Consoles 16 (88.9) 
Handheld Console   3 (16.7) 
Tablet Computer 12 (66.7) 
Cell Phone or Other Mobile Devices 11 (61.1) 
  
Frequency of Play during the Week  
Never or very rarely  1 (5.6) 
One or two days per week at most 7 (38.9) 
Three to five days per week 8 (44.4) 
Daily 2 (11.1) 
  
Length of Game Play Sessions  
Rarely 0 (0) 
Single session up to 30 minutes    2 (11.1) 
Single session greater than 30 minutes     7 (38.9) 
Multiple sessions up to 30 minutes each 5 (27.8) 
Multiple sessions greater than 30 minutes each 4 (22.2) 
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Table 3 
Summary of Video Games Played by Space Vector 2 Participants 
  
Video Game Name Number of Responses 
  
8 Ball Pool  
Assassins Creed 1 
Assassins Creed 4 1 
Battlefield  2 
Battlefield 4 1 
Black Ops 2 1 
Bloons Tower Defense 5 1 
Call of Duty   3 
Call of Duty Ghosts 2 
Candy Crush 1 
Cookie Clickers 2 
Dead Space 1-3 1 
Defense of the Ancients 1 
Dishonored 1 
Far Cry 3 1 
FIFA 1 
FTL:  Faster Than Light 1 
Garry's Mod 1 
Grand Theft Auto 4 1 
Grand Theft Auto 5 6 
Guitar Hero 1 
Happy Wheels 1 
Madden   2 
Madden 25 3 
Minecraft 3 
NBA 2K 14 1 
NHL 1 
NHL 13 1 
NHL 14 4 
RAGE 1 
Silent Hill 1 
Skyrim 1 
Starbound 1 
Super Mario Brothers 1 
Warframe 1 
World of Warcraft 1 
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Instruments 
 
Revised versions of the Space Vector 1 background questionnaire, attitude 
questionnaire, shortened Force Concept Inventory, and test answer sheets were used for 
the Space Vector 2 study.  The main revision to the background questionnaire was the 
genre question.  Participants were asked to name the last three games they played instead 
of identifying which genres they played.  In the physics background question, physical 
science course was added as a possible option.  (See Appendix D for the Space Vector 2 
instruments.)  The only change to the attitude questionnaire is that the final request for 
comments on the second page was eliminated.  Three questions were added to the Space 
Vector 2 test.  Students were asked to record their answers for the pretest and posttests on 
separate sheets. 
 
Measures 
The test for the Space Vector 1 study was used for the Space Vector 2 study 
pretest and posttest, but three questions were added for a total of eighteen FCI questions.  
The questions were the following items that were kept in the same order and renumbered 
on the test:  1, 2, 3, 8, 9, 10, 11, 12, 13, 14, 19, 20, 21, 22, 23, 24, 29, and 30.  The bold 
and underlined items were the new items. 
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Research Design 
The study was a 2 x 2 ANOVA.  The first factor was game mechanic:  prediction 
mechanic or programming mechanic.  The second factor was the presence of a bonus 
question after a mission:  bonus question after a mission or no bonus question after a 
mission. 
 
Procedures 
Participants completed a background questionnaire, a pretest, a game play session 
of approximately ninety minutes, a posttest, and an attitude questionnaire in a single 
session lasting approximately two hours. The study was conducted over two sessions, but 
participants only attended one session.  A computer lab was specifically set up for the 
study.   
 
Data Analysis 
The following describes the statistical techniques that were used to answer the 
hypotheses posed to answer Research Question 2 concerning Space Vector 2:  Does 
playing Space Vector 2 help students learn any physics concepts pertaining to Newtonian 
mechanics? 
 
Hypothesis 1:  Playing the video game will create an increase in learning as measured on 
the Force Concept Inventory. 
The grand mean of the Bayesian 2 x 2 ANOVA estimation model provides this 
information.  The distribution for the grand mean describes any increase of learning as a 
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whole.  This model also provides distributions for the marginal means and individual 
group means. 
 
Hypothesis 2:  Playing the prediction mechanic will produce a larger increase in the 
change of mean scores than playing the prediction mechanic. 
Predicting the path of the spaceship is more difficult than identifying the 
parameters (the velocity and acceleration) that define a path.  The expectation is that 
playing and mastering the prediction mechanic will produce a better learning outcome.  
This is the simple contrast between the groups of the first variable of the 2 x 2 ANOVA:  
prediction mechanic vs. programming mechanic. 
 
Hypothesis 3:  Answering bonus questions after a mission will produce a larger increase 
in the change of mean scores than not answering bonus questions. 
Bonus questions provide an opportunity to review the language and concepts.  
The expectation is that answering these questions provides more time to reflect on the 
concepts and will improve the learning outcome.  This is the simple contrast between the 
groups of the second variable of the 2 x 2 ANOVA:  bonus question after a mission vs. 
no bonus question after a mission. 
 
Hypothesis 4:  Space Vector 2 players will show improvement on the Force Concept 
Inventory on the problems that assess distinguishing position vs. velocity and velocity vs. 
acceleration. 
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Items 11 and 12 on the Space Vector 2 test deal with these concepts specifically. 
 The change in correct responses from pretest to posttest will answer this question. 
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CHAPTER 5 
RESULTS 
Results for the Space Vector 1 Hypotheses 
This section is a partially revised and expanded version of Keylor and Sweet (2011). 
 
The following sections present the output of the Bayesian estimation models.  Not 
every aspect of the output will be discussed.  Only the information that is necessary for 
making a judgment concerning the hypotheses and research questions is considered.  
Since Bayesian estimation is rarely used in education research, as much information as 
possible is being made available for future reference so that this work may provide a 
worked example of Bayesian estimation for educational video game research and provide 
a point of comparison for future studies.  The original output values and all (unedited) 
diagrams created by the analysis software are provided either in the main body of text or 
in Appendices E and F (for Space Vector 2).   
The Bayesian estimation model and accompanying software described in 
Kruschke (2013a) were used to analyze all the data to answer the Space Vector 1 
hypotheses. 
 
Hypothesis 1 (restatement of Research Question 1):  Playing the video game will create 
an increase in learning as measured on the Force Concept Inventory. 
Table 4 contains a summary of the posterior distributions for the mean, standard 
deviation, effect size, and normality of the change scores, where the change score is the 
dependent variable equal to the posttest score minus the pretest score.  The software 
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reports the values to seven decimal places, and the original output values are provided in 
Appendix E.    (In the result summaries, results are only reported to three decimal places.  
The original outputs are provided in the appendix for reference.)  Figure 25 shows the 
histograms of values sampled from the posterior distribution with the original labeling 
produced by the software package.  The percentage of the distribution that is below and 
above zero is printed in green.  For example, 0% < 0 < 100% means that 0% of the 
distribution is below zero, and 100% of the distribution is above zero.  The region of 
practical equivalence (ROPE) can be used for making decisions.  The ROPE interval is 
set at [-0.2, 0.2].  Since the corpus of Newtonian game studies is very small, the 
traditional value of 0.2 is used for a small effect size (Cohen, 1988).  For decision 
purposes, effect sizes within the ROPE are considered small and will be judged as having 
a negligible effect.  Readers, however, can see the shape of the complete distribution and 
may draw their own conclusions as they see fit.  The HDI is the highest density interval 
and contains 95% of the probability mass of the distribution.  Given the data and model 
prior distributions, there is a 95% chance that the parameter of interest is within the HDI, 
where the most likely estimate (the value with the highest probability) is the mean if the 
distribution is symmetrical or the mode if the distribution is asymmetrical.  Normality is 
an estimation of how close the data is to a normal distribution.  Recall that the estimation 
model uses t distributions to model the shape of the data and to account for outliers, 
where a value of 1.5 or higher is considered a normal distribution.  As the normality 
value approaches zero, the tails become heavier in the data distribution.  Data w. Post. 
Pred. is data with posterior prediction.  This shows a selection of the t distributions 
superimposed on the data.  It provides a visual check to see whether the data is best 
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described by t distributions.  Figure 38 in Appendix E shows the correlations between the 
parameters.  This information is provided for the sake of completeness as it is provided 
automatically in the software output.  In more complicated models, high correlation of 
parameters suggests redundancy (Kruschke, 2011, p. 460).  In this example and in the 
following comparisons, the correlation between the standard deviation(s) and normality 
tend to be higher than the other correlations.  This makes sense as standard deviation and 
normality describe the shape of the distribution.   
Sixty-five college students participated in the study (N = 65).  The mean pretest 
score was 4.138 (M = 4.138, SD = 2.663), and the mean posttest score was 5.154 (M = 
5.154, SD = 3.037).  The best estimate for the mean change in scores is a gain of 1.042, 
where zero is not a credible value in the 95% HDI of [0.613, 1.487].  The best estimate 
for the effect size is 0.611, which is traditionally considered a medium effect size 
following Cohen (1988).  None of the 95% HDI values for the effect size falls within the 
ROPE of [-0.2, 0.2], and less than 0.002% of the left tail of the posterior distribution falls 
within the ROPE.  The best estimation for the normality 1.280 indicates that the data has 
heavier tails than a normal distribution, but the posterior check indicates that t 
distributions are a reasonable approximation of the data. 
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Table 4   
 
Summary of Posterior Distribution Results for the Space Vector 1 Mean Change Scores 
       
      
Parameter Mean Median Mode HDI Low HDI High 
      
      
Mean        1.042 1.042 1.019 0.613 1.487 
      
Standard Deviation 1.683 1.680 1.690 1.295 2.074 
      
Effect Size 0.629 0.624 0.611 0.327 0.937 
      
Normality 1.280 1.280 1.377 0.570 1.997 
      
 
Figure 25.  Posterior distributions for the Space Vector 1 mean change scores. 
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Of particular interest was participants’ improved performance on specific items 
that deal with concepts addressed during game play, which is shown in Table 5.  (Note: 
Table 5 was published in Keylor and Sweet (2011).)  Table 5 shows the number of 
correct answers for each item on the pretest and posttest.  The first three items tested 
whether students understood that acceleration is independent of weight.  This group of 
questions had the most gains.  Items 6 and 8 tested whether participants could identify the 
correct trajectory of a falling object.  Space Vector 1 did not seem to improve the ability 
to distinguish position, velocity, and acceleration (items 4, 5, 9, 10) or the ability to 
identify forces applicable to an object in the air (items 7 and 15), and items for adding 
vectors (items 11 through 14) gave mixed results.    
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Table 5 
 
Pretest and Posttest Individual Item Scores                                                                                                                                                                                 
        
    
Item (FCI Item) Pretest Correct (%) Posttest Correct (%) Change (%) 
    
    
1 (1) 26  (40) 47  (72.3) 21  (32.3) 
    
2 (2) 19  (29.2) 32  (49.2) 13  (20) 
    
3 (3) 17  (26.2) 24  (36.9) 7  (10.8) 
    
4 (8) 28  (43.1) 27  (41.5) -1  (-1.5) 
    
5 (9) 17  (26.2) 16  (24.6) -1  (-1.5) 
    
6 (12) 25  (38.5) 31  (47.7) 6  (9.2) 
    
7 (13) 5  (7.7) 4  (6.2) -1  (-1.5) 
    
8 (14) 15  (23.1) 19  (29.2) 4  (6.2) 
    
9 (19) 20  (30.8) 21  (32.3) 1  (1.5) 
    
10 (20) 8  (12.3) 10  (15.4) 2  (3.1) 
    
11 (21) 18  (27.7) 15  (23.1) -3  (-4.6) 
    
12 (22) 25  (38.5) 28  (43.1) 3  (4.6) 
    
13 (23) 10  (15.4) 18  (27.7) 8  (12.3) 
    
14 (24) 24  (36.9) 29  (44.6) 5  (7.7) 
    
15 (30) 12  (18.5) 14 (21.5) 2  (3.1) 
Note:  These results were published in Keylor and Sweet (2011). 
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Hypothesis 2:  There will be no difference in the change of mean scores between players 
who chose to drop bombs and players who chose to drop supplies. 
Thirty-five participants (Group 1, N1 = 35) chose to drop bombs, and twenty-nine 
participants (Group 2, N2 = 29) chose to drop supplies.  (One participant’s choice could 
not be determined because the file containing the participant’s game play data was lost 
due to a game engine issue.)  Participants who dropped supplies did better than 
participants who dropped bombs, where the best estimates for the group means are 1.187 
(95% HDI [0.567, 1.803]) and 0.847 (95% HDI [0.184, 1.492]) respectively.  The best 
estimate for the difference in means is 0.340 in favor of participants who dropped 
supplies, but zero is a credible value in the 95% HDI [-1.258, 0.545].  The 95% HDI is 
also wide, approximately a 1.8 score difference.  The effect size is small where the best 
estimate is 0.224 again in favor of participants who dropped supplies.  (Since the 
posterior distribution of effect size is skewed, the mode value is the best estimate as 
indicated on the histogram readout.)  Zero is among the credible values for the effect size, 
however, and 43% of the 95% HDI for the effect size is within the ROPE interval  
[-0.2, 0.2], so asserting a small effect size should be taken with caution.   
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Table 6 
 
Original Output for Comparison of Mean Difference Scores Given Cargo Choice  
(Group1 = Bombs, Group 2 = Supplies)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 0.847 0.846 0.831 [0.184, 1.492] 
     
M 2 1.187 1.186 1.166 [0.567, 1.803] 
     
M  Differencea -0.340 -0.340 -0.363 [-1.258, 0.545] 
     
SD 1 1.840 1.822 1.799 [1.310, 2.399] 
     
SD 2 1.577 1.560 1.518 [1.065, 2.121] 
     
SD Differenceb 0.264 0.263 0.273 [-0.435, 0.976] 
     
Nu         28.087 19.453 7.768 [1.823, 81.347] 
     
Normality 1.283 1.289 1.398 [0.555, 2.001] 
     
Effect Sizec -0.198 -0.120 -0.224 [-0.727, 0.317] 
a22.852% of the distribution is above zero. 
b78.012% of the distribution is above zero. 
c22.852% of the distribution is above zero. 
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Figure 26.  Posterior distributions for the Space Vector 1 cargo choice change scores. 
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Hypothesis 3:  There will be no difference in the change of mean scores between female 
and male players. 
Twenty-four men (Group 1, N1 = 24) and forty-one women (Group 2, N2 = 41) 
participated.  Although men scored a little higher than women, where the estimated mean 
difference of change scores was 0.168 higher for men, a little over half (52%) of the 
posterior distribution for the effect size is within the ROPE interval [-0.2, 0.2], where the 
best estimate is 0.096, a small effect size.  This, along with the fact that the most credible 
values for the difference in the mean change scores are also close to zero, including zero 
itself, suggests that gender did not matter.  
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Table 7 
 
Original Output for Comparison of Mean Difference Scores Given Gender  
(Group1 = Males, Group 2 = Females)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.143 1.142 1.147 [0.439, 1.839] 
     
M 2 0.974 0.975 0.983 [0.394, 1.569] 
     
M  Differencea 0.168 0.167 0.174 [-0.737, 1.089] 
     
SD 1 1.635 1.605 1.545 [1.109, 2.217] 
     
SD 2 1.808 1.796 1.775 [1.316, 2.317] 
     
SD Differenceb -0.173 -0.185 -0.251 [-0.877, 0.558] 
     
Nu         30.578 21.472   8.335 [1.944, 86.688] 
     
Normality 1.325   1.332   1.353   [0.598, 2.026]       
     
Effect Sizec 0.096   0.097   0.103 [-0.425, 0.624] 
a64.137% of the distribution is above zero. 
b30.005% of the distribution is above zero. 
c64.137% of the distribution is above zero. 
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Figure 27.  Posterior distributions for the Space Vector 1 gender change scores. 
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Hypothesis 4:  Players with no previous physics instruction will learn more than players 
who have had high school or college physics instruction. 
Twenty-seven participants (Group 1, N1 = 27) had no physics instruction before 
playing Space Vector 1, and thirty-eight participants had at least some high school 
physics instruction (Group 2, N2 = 38).  Participants with no previous physics instruction 
scored higher than those with some physics instruction, where the best estimate for the 
group change score means are 1.175 and 0.950 respectively and neither 95% HDI 
contains zero.  The best estimate for the mean differences is 0.226, where zero is within 
the 95% HDI of credible values.  Likewise, 49% of the posterior distribution values of 
the effect size are within the ROPE of [-0.2, 0.2], where zero is a credible value.  The 
best estimate of the effect size is the mode value 0.129, which is a small effect size.  
Therefore, any gains made by those participants without physics instruction are not only 
small but have a small effect size that includes zero as a possibility. 
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Table 8 
 
Original Output for Comparison of Mean Difference Scores Physics Instruction 
(Group1 = No Physics Instruction, Group 2 = Some Physics Instruction)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.175 1.176 1.186 [0.389, 1.955] 
     
M 2 0.950 0.952 0.986 [0.412, 1.495] 
     
M  Differencea 0.226 .0.226 0.233 [-0.729, 1.161] 
     
SD 1 1.915 1.887 1.864 [1.304, 2.574] 
     
SD 2 1.600 1.587 1.575 [1.154, 2.072] 
     
SD Differenceb 0.315 0.297 0.227 [-0.413, 1.069] 
     
Nu         27.953 19.180 7.974 [1.841, 80.707] 
     
Normality 1.284 1.283 1.235 [0.583, 2.001] 
     
Effect Sizec 0.129 0.129 0.144 [-0.402, 0.660] 
a68.454% of the distribution is above zero. 
b80.612% of the distribution is above zero. 
c68.454% of the distribution is above zero. 
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Figure 28.  Posterior distributions for the Space Vector 1 physics instruction change 
scores. 
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Hypothesis 5:  Participants who play video games will have a larger score increase than 
participants who never or rarely play video games. 
Thirty participants (Group 1, N1 = 30) reported that they never or rarely played 
video games, and thirty-five participants (Group 2, N2 = 35) reported that they played 
video games at least one to two days per week.  The best estimates for the average change 
score of each group is nearly the same, 1.086 and 1.007.  The best estimate for the 
difference between the two groups and the effect size are both close to zero, 0.079 and 
0.045 respectively, where the posterior distributions for both values are essentially 
centered over zero.  Therefore, the frequency of video game play made no difference on 
participants’ change scores.   
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Table 9 
 
Original Output for Comparison of Mean Difference Scores Given Frequency of Play 
(Group1 = Never/Rarely Play, Group 2 = Not Never/Rarely Play)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.086 1.086 1.081 [0.320, 1.851] 
     
M 2 1.007 1.008 1.019 [0.486, 1.549] 
     
M  Differencea 0.079 0.079 0.102 [-0.864, 0.996] 
     
SD 1 1.997 1.970 1.945 [1.409, 2.635] 
     
SD 2 1.494 1.478 1.450 [1.051, 1.955] 
     
SD Differenceb 0.503 0.489 0.435 [-0.199, 1.243] 
     
Nu         27.835 18.971 8.112 [1.884, 81.299] 
     
Normality 1.282 1.278 1.231 [0.584, 2.002] 
     
Effect Sizec 0.045 0.045 0.058 [-0.479, 0.569] 
a56.698% of the distribution is above zero. 
b92.546% of the distribution is above zero. 
c68.454% of the distribution is above zero. 
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Figure 29.  Posterior distributions for the Space Vector 1 play frequency change scores. 
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Hypothesis 6:  Participants who play casual games will not score better than players who 
do not play casual games. 
Twenty-five participants (Group 1, N1 = 25) reported playing casual games, and 
forty participants (Group 2, N2 = 40) reported that they did not play casual games.  The 
best estimate for the group that did not play casual games is higher than the participants 
who played casual games, average score differences of 1.166 and 0.849 respectively.  
The best estimate for the difference of scores between the two groups is 0.318, but zero is 
a credible value in the 95% HDI.  The effect size is small, where the best estimate is the 
mode value of 0.169 in the direction of non-casual video game players.  A large 
percentage of the effect size posterior distribution, 45%, is in the ROPE interval of  
[-0.2, 0.2].  Given the small effect size and so much of the posterior distribution is within 
the ROPE around zero, any conclusion that genre had an effect should be taken with 
caution. 
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Table 10 
 
Original Output for Comparison of Mean Difference Scores Given Genre 
(Group1 = Plays Casual Games, Group 2 = Does NOT Play Casual Games)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 0.849 0.849 0.830 [0.142, 1.571] 
     
M 2 1.166 1.168 1.145 [0.576,  1.736] 
     
M  Differencea -0.318 -0.317 -0.310 [-1.231, 0.606] 
     
SD 1 1.691 1.670 1.658 [1.049, 2.360] 
     
SD 2 1.730 1.716 1.693 [1.264, 2.212] 
     
SD Differenceb -0.039 -0.052 -0.065 [-0.768, 0.721] 
     
Nu         26.377 17.580 6.899 [1.731, 78.451] 
     
Normality 1.248 1.245 1.247 [0.518, 1.980] 
     
Effect Sizec -0.190 -0.186 -0.169 [-0.736, 0.337] 
a24.380% of the distribution is above zero. 
b44.204% of the distribution is above zero. 
c24.380% of the distribution is above zero. 
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Figure 30.  Posterior distributions for the Space Vector 1 genre change scores. 
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Space Vector 1 Attitude Results 
Participants believed that the game taught them something about physics and that 
mission goals were clear. Participants also believed that the game was of moderate 
difficulty, but they were not necessarily enthusiastic about playing the game again or 
recommending it to a friend.  (See Table 11 for the average scores of the attitude survey 
questions.) 
 
Table 11   
 
Summary of Space Vector 1 Attitude Questionnaire Scores 
 
  
Question Average Score 
  
  
The game helped me learn about velocity. 3.7 
  
The game helped me learn about acceleration. 3.7 
  
Instructions were always clear.  3.5 
  
Mission goals were always clear. 4.4 
  
The game was too easy. 2.5 
  
The game was too difficult.     2.6 
  
The game was engaging. 3.3 
  
The game took the right amount of time to complete. 2.7 
  
I would play this game again.                                       2.7 
  
I would recommend this game to a friend. 2.7 
Note:  Responses were given on a scale from 1 (Strongly Disagree) to 5 (Strongly Agree). 
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Results for Space Vector 2 Hypotheses 
Hypothesis 1 (restatement of Research Question 2):  Playing the video game will create 
an increase in learning as measured on the Force Concept Inventory. 
The average and standard deviation for the pretest scores were M = 4.389 and  
SD = 2.547, and the average and standard deviation for the posttest scores were M = 
5.222 and SD = 2.625.  Table 12 and Figures 31 and 32 show the results of the 2 x 2 
ANOVA for Space Vector 2, where the first factor was game mechanic (prediction vs. 
programming) and the second factor was bonus questions (question present vs. no 
question present).  In the figures, M1 and M2 denote the prediction and programming 
mechanics respectively, and B1 and B2 denote bonus questions and no bonus questions.  
The best estimate for the grand mean of change scores is an increase of 0.78 with a 95% 
HDI of [-0.3, 1.85].  The factor levels with the highest mean estimates for change scores 
are prediction with a best estimate mean change score value of 0.938 and a 95% HDI of 
[-0.406, 2.25] and no bonus question with a best estimate mean change score value of 
1.06 and a 95% HDI of [-0.282, 2.42].  The prediction-no question version has the 
highest estimated mean change score of 1.2 and 95% HDI of [-0.404, 2.8].  Since the 
sample is small, the posterior distributions are wider than the estimates for Space Vector 
1, and they all contain zero as a credible value.  (Appendix F has the figures of the output 
distributions for the hyperparameters, regression coefficients, and a plot of the means.  A 
complete description of the model may be found in Kruschke (2011, pp. 516-531).  
Kruschke (2013b) is the version of the code used for this analysis, and there are some 
differences from the version of the software found in Kruschke (2011), which are 
documented in the code release.     
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To estimate the effect size of the grand mean, the single-group version of 
Kruschke (2013) was used on the complete set of change scores.  (See Table 13 and 
Figure 33 for the posterior distributions and the parameter correlations respectively.  The 
original output is in Appendix F.)  The best estimate for the mean of the change scores is 
an increase of 0.806 (95% HDI [-0.248, 1.886], and the best estimate for the effect size is 
0.379 (95% HDI [-0.112, 0.905]).  Twenty-two percent of the effect size posterior 
distribution is in the ROPE interval [-0.2, 0.2], and 6.4% of the distribution is less than 
zero.  Also, zero is a credible value for both the mean and effect size.  The estimate for 
the effect size suggests a small to medium effect although there is some uncertainty due 
to the width of the distributions and inclusion of zero. 
 
 
Table 12 
 
Summary of Posterior Distribution Results for the Space Vector 2 2 x 2 ANOVA 
     
Parameter _________Mean_________ _Standard Deviation__ 
 Estimate 95% HDI Estimate 95% HDI 
     
     
Grand Mean        0.78 [-0.3, 1.85]   
     
Marginal Means     
     Prediction    0.938 [-0.406, 2.25]   
     Programming  0.621 [-0.575, 1.88]   
     Bonus Question 0.495 [-0.879, 1.84]   
     No Bonus Question 1.06 [-0.282, 2.42]   
     
Group Means     
     Prediction/Question 0.678 [-0.925, 2.28] 2.21 [1.37, 3.63] 
     Prediction/No Question 1.2 [-0.404, 2.8] 2.01 [1.15, 3.43] 
     Programming/Question 0.313 [-1.19, 1.87] 1.93 [0.837,3.17] 
     Programming/No Question 0.93 [-0.565, 2.46] 1.16 [1.16, 3.4] 
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Figure 31.   Posterior distribution of means for the 2 x 2 ANOVA for Space Vector 2.  
(M1 = prediction mechanic, M2 = programming mechanic, B1 = bonus questions, B2 = 
no bonus questions). 
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Figure 32.  Posterior distributions of the standard deviation for the versions of Space 
Vector 2. 
 
 
Table 13   
 
Summary of Posterior Distribution Results for the Space Vector 2 Mean Change Scores 
       
      
Parameter Mean Median Mode HDI Low HDI High 
      
      
Mean        0.806 0.805 0.807 -0.248 1.886 
      
Standard Deviation 2.139 2.084 1.990 1.332 3.038 
      
Effect Size 0.391 0.389 0.379 -0.112 0.905 
      
Normality 1.362 1.393 1.492 0.578 2.104 
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Figure 33.  Posterior distributions of the parameters for the Space Vector 2 change scores 
as a single group. 
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Hypothesis 2:  Playing the prediction mechanic will produce a larger increase in the 
change of mean scores than playing the programming mechanic.   
Table 12 and Figure 31 show that the prediction mechanic produced a larger 
increase in the mean change of scores than the programming mechanic.  Figure 34 shows 
the distribution of the contrast where the best estimate of the contrast mean is 0.317 with 
a 95% HDI of [-1.06, 1.78].  Due to the small sample size, the estimation is wide, and 
zero is a credible value.  Although the players assigned to the prediction mechanic 
performed somewhat better, this should be taken with caution as the posterior distribution 
is wide.   
 
Figure 34.  Posterior probability distribution for the game mechanic contrast. 
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Hypothesis 3:  Answering bonus questions after a mission will produce a larger increase 
in the change of mean scores than not answering bonus questions. 
Table 12 and Figure 31 show that the no bonus versions produced a larger 
increase in the mean change of scores than the bonus question versions.  Figure 35 shows 
the distribution of the contrast where the best estimate of the contrast is 0.569 in favor of 
no bonus questions with a 95% HDI of [-2.26, 1.06].  Due to the small sample size, the 
estimation is wide, and zero is a credible value.  Therefore, although this difference is 
larger than the game mechanic contrast, it should be considered with caution due to the 
width of the distribution.  
 
Figure 35.  Posterior probability distribution for the bonus question contrast. 
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Hypothesis 4:  Space Vector 2 players will show improvement on the Force Concept 
Inventory on the problems involved with distinguishing position vs. velocity and velocity 
vs. acceleration. 
Items 11 and 12 on the test dealt with these conceptual issues.  There was no 
spike in improvement.  (See Table 14.)  The items that showed improvement the most 
were item 3, which deals with the definition of gravity as acceleration, and item 10, 
which deals with the trajectory of a falling object.  There were no increases in a group 
comparable to the change in item scores in the Space Vector 1 study.   
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Table 14 
 
Pretest and Posttest Individual Item Scores for Space Vector 2                                                                                                                                                                                
        
    
Item (FCI Item) Pretest Correct (%) Posttest Correct (%) Change (%) 
    
    
1 (1) 8 (44.4) 7 (38.9) -1 (-5.6) 
    
2 (2) 6 (33.3) 3 (16.7) -3 (-16.7) 
    
3 (3) 1 (5.6) 6 (33.3) 5 (27.8) 
    
4 (8) 4 (22.2) 7 (38.9) 3 (16.7) 
    
5 (9) 3 (16.7) 3 (16.7) 0 
    
6 (10) 4 (22.2) 5 (27.8) 1 (5.6) 
    
7 (11) 3 (16.7) 0 -3 (-16.7) 
    
8 (12) 9 (50.0) 7 (38.9) -2 (-11.1) 
    
9 (13) 1 (5.6) 1 (5.6) 0 
    
10 (14) 3 (16.7) 7 (38.9) 4 (22.2) 
    
11 (19) 4 (22.2) 5 (27.8) 1 (5.6) 
    
12 (20) 4 (22.2) 5 (27.8) 1 (5.6) 
    
13 (21) 4 (22.2) 5 (27.8) 1 (5.6) 
    
14 (22) 7 (38.9) 6 (33.3) -1 (-5.6) 
    
15 (23) 6 (33.3) 7 (38.9) 1 (5.6) 
    
16 (24) 5 (27.8) 8 (44.4) 3 (16.7) 
    
17 (29) 5 (27.8) 7 (38.9) 2 (11.1) 
    
18 (30) 2 (11.1) 5 (27.8) 3 (16.7) 
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Bayesian Network for Changes of Test Scores 
Another approach to interpreting the data is answering the pragmatic question:  
Given the data, what is the probability that a player’s test score will increase, stay the 
same, or decrease after playing Space Vector 2?  A simple Bayesian network was created 
to calculate these probabilities.  A Bayesian network is an acyclic, directed graph that 
allows the calculation of probabilities for events (the marginal probabilities) using Bayes’ 
theorem (Fenton & Neil, 2013, p. 141).  The Bayesian network consists of three nodes:  a 
game mechanic node, a bonus question node, and a score change node.  There is a 
directed edge (an arrow) from the game mechanic node to the score change node and 
from the bonus question node to the score change node.  Each node has a probability 
table associated with it.  For the game mechanic and bonus question nodes, the initial 
(prior) probabilities are simply the percentage of participants who played each mechanic 
and received or did not receive bonus questions after a mission.  Since the number of 
participants was even, the probabilities are all 50%.  (See Figure 36 to see the model and 
prior probabilities.  The AgenaRisk 6 Lite (Agena, 2013) software package was used.  
This packaged is used in Fenton & Neil (2013), an introductory book about Bayesian 
networks.)  The score change node has a probability table that is the joint probabilities of 
the other two node probability tables.  Table 15 shows the initial marginal probability 
values.  These values represent the marginal probabilities of the nodes without choosing a 
specific version of the game.  Given the data, the probability that the test score will 
increase after playing Space Vector 2 is 50%.  The probability that test score will be the 
same is 27.5%, and the probability that the test score will decrease is 22.5%.   
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Figure 36.  Bayesian network with marginal prior probabilities. 
 
Table 15 
 
Initial (Prior) Marginal Probability Values for the Bayesian Network 
 
   
Node State Initial Marginal Probability 
   
   
Game Mechanic Prediction 0.5 (50%) 
 Programming 0.5 (50%) 
   
Bonus Question Question 0.5 (50%) 
 No Question 0.5 (50%) 
   
Score Change Increase 0.5 (50%) 
 No Change 0.275 (27.5%) 
 Decrease 0.225 (22.5%) 
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The Bayesian network provides a way to calculate changes to the prior 
probabilities given conditions using Bayes’ theorem (Fenton & Neil, 2013, pp. 137-144).  
Tables 16 shows the marginal posterior probabilities, the change in prior probabilities, for 
score change due to setting either the choices for game mechanic or bonus question 
respectively.  Table 17 shows the probabilities that the posttest score will increase, 
decrease, or stay the same given the version of Space Vector 2.  For example, given the 
data, there is a 75% chance that the test score will increase if a player is assigned to the 
prediction mechanic-no bonus question version of Space Vector 2.  (See Figure 37.)  
There is at least a 60% chance of an increase in the test score if a player is assigned to the 
prediction mechanic, whereas there is at most a 40% chance of the test score increasing.  
Table 18 shows the marginal probabilities for game mechanic and bonus question 
conditioned on score change.  Thus, given the player had a test score increase, the 
probability that the prediction game mechanic was played is 67.5% and the probability 
that there bonus questions were presented is 42.5%. 
 
Table 16 
 
Marginal Probabilities of Score Change Given Single Selected States 
 
     
Node Selected State Decrease No Change Increase 
     
     
Game Mechanic Prediction 32.5% 0% 67.5% 
 Programming 12.5% 55% 32.5% 
     
Bonus Question Question 32.5% 25% 42.5% 
 No Question 12.5% 30% 57.5% 
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Table 17 
 
Marginal Probabilities of Score Change for All Possible Conditions 
 
     
Game Mechanic Bonus Question Decrease No Change Increase 
     
     
Prediction Question 40% 0% 60% 
Prediction No Question 25% 0% 75% 
Programming Question 25% 50% 25% 
Programming No Question 0% 60% 40% 
     
 
 
 
Figure 37.  Bayesian net with Prediction and No Question versions selected. 
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Table 18 
 
Marginal Probabilities Given Score Change Node States 
 
     
                  ______________Marginal Probabilities______________ 
Score Node State          ____Game Mechanic Node____    _Bonus Question Node__ 
 Prediction Programming Question No Question 
     
     
Decrease 72,222% 27.778% 72.222% 27.778% 
No Change 0% 100% 45.455% 54.545% 
Increase 67.5% 32.5% 42.5% 57.5% 
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Space Vector 2 Attitude Results 
Participants were ambivalent whether they learned anything about velocity or 
acceleration.  Although participants thought the instructions and goals were clear, they 
believed the game was too difficult.   Participants generally did not like the experience 
enough to want to try Space Vector 2 again or recommend it to someone else.  (See Table 
19 for the average scores of the attitude survey questions.) 
 
Table 19   
 
Summary of Space Vector 2 Attitude Questionnaire Scores 
 
  
Question Average Score 
  
  
The game helped me learn about velocity. 3.5 
  
The game helped me learn about acceleration. 2.8 
  
Instructions were always clear.  3.7 
  
Mission goals were always clear. 4.0 
  
The game was too easy. 1.6 
  
The game was too difficult.     3.8 
  
The game was engaging. 2.7 
  
The game took the right amount of time to complete. 2.6 
  
I would play this game again.                                       2.2 
  
I would recommend this game to a friend. 2.5 
  
Note:  Responses were given on a scale from 1 (Strongly Disagree) to 5 (Strongly Agree). 
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CHAPTER 6 
DISCUSSION 
Summary of Space Vector 1 Results 
The best estimate for the average change in test scores for Space Vector 1 is a 
score gain of 1.042, where there is a 95% chance that the mean is in the interval  
[0.613, 1.487] given the data (scores) and prior probability distributions.  The best 
estimate for the effect size is 0.611, where there is a 95% chance that the effect size is in 
the interval [0.327, 0.937] given the data. This is traditionally considered a medium effect 
size.  There were improvements on FCI scores pertaining to freefall.  Players who chose 
to drop supplies rather than bombs scored on average 0.340 higher.  The effect size was 
small, 0.224, and the distribution of the effect size suggests this result should be taken 
with caution.  Men scored 0.168 higher on average on their change scores than women.  
Players with no previous physics instruction scored 0.226 higher on average on their 
change scores than those with physics instruction.  Players who did not play casual games 
scored 0.318 higher on average on their change scores than those who played casual 
games.  In these three cases, however, the effect size was small enough and distributed in 
such a way that the difference should be considered negligible.  Differences due to the 
frequency of game play, both means and effect sizes, were very close to zero. 
 
Summary of Space Vector 2 Results 
The best estimate for the grand mean (general mean not choosing a specific 
version of the game) of change scores is an increase of 0.78, where there is a 95% chance 
that the mean is between [-0.3, 1.85].  The prediction mechanic has the highest estimated 
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increase in change scores, 0.938, of the two mechanics, and the no bonus question option 
has the highest estimated increase in change scores, 1.06, too.  The best version to play is 
the prediction/no bonus question version, where the best estimate for the mean change 
score is an increase of 1.2.  The prediction mechanic is probably the most difficult 
mechanic for most students to play since they must graph a path.  Therefore, it is 
reasonable for the prediction mechanic to produce a better outcome.  The fact that the no 
bonus version of the prediction mechanic is currently the best version is puzzling since 
the purpose of the bonus questions is to reinforce concepts.  Perhaps the bonus questions 
are inadequate or confusing.  It could just be an artifact of the sample size, too.  It must 
be noted that the estimation intervals are wide and all include zero as a credible value.  
The effect size for the grand mean is 0.379, where there is a 95% chance that the effect is 
between [-0.112, 0.905], which is in the small to medium range, but approximately 22% 
of the effect size distribution was in the small effect size range.  There was no clear 
improvement on any particular FCI items, but, given the data, there is a 75% chance that 
a player’s change score will increase after playing the prediction/no bonus question 
version, which is a 25% increase above the prior value of 50% conditioned on no version 
of the game. 
 
Context and Limitations 
The results for Space Vector 1 and Space Vector 2 are comparable to similar 
educational video games that introduce Newtonian mechanics.  Table 20 presents a list of 
similar video games with their respective learning measurement tools, the overall gains, 
and effect sizes when given.  One of the challenges of comparing the effectiveness of the 
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Space Vector games is that the measurement tools are not standardized across other video 
game studies.  Custom tests were created for Newton’s Playground (Shute, Ventura, & 
Kim, 2013) and the later version of SURGE (Adams & Clark, 2014).  Mecanika 
(Boucher-Genesse, Riopel, & Potvin, 2011) was the only game evaluated with the 
complete version of the Force Concept Inventory.  None of the articles describing the 
results of the learning interventions for these games used Bayesian estimation techniques, 
and effect sizes were only reported for results that were statistically significant.  Although 
Shute, Ventura, and Kim (2013) claimed that the overall learning for Newton’s 
Playground was statistically significant, they did not provide the overall averages for the 
test scores.  Therefore, the number provided is the average based on the Table 21, 
Learning Gains and Engagement in Newton’s Playground (p. 428).  The gains for 
Mecanika were reported as percentage increases from the pretest and posttest scores.  The 
actual means were not reported.     
 Other considerations when comparing these games are the audience and total 
intervention time.  (See Table 21.)  Newton’s Playground, Space Vectors 1 and 2, and 
both versions of SURGE were created to be standalone experiences.  Mecanika was 
created to be integrated into a physics curriculum (Creo, 2011).  Also, the Space Vector 
games, as tested, were shorter experiences than the other games, where participants could 
only play for about 90 minutes rather than three or four hours. 
Internal validity is an issue for both Space Vector games.  Both were formative 
studies.  There was no control against traditional instruction or controls against other 
educational media.  In Space Vector 1, the fact that there was an increase of correct 
answers in a group of items pertaining to freefall, especially a large increase on the first 
  115 
item of the test, suggests that it is unlikely that the increase in the change scores was 
merely chance.  Space Vector 2, due to the small sample size, is more difficult to interpret 
although the results are comparable to--even better than--related video games.  The 
uncertainty is reflected in the width of the estimation intervals.  Although more precision 
(a narrower estimation) may be achieved, if the best version of Space Vector 2 produces 
an increase of test scores between, say, 0 and 2 points, it may not be worth continuing to 
collect data since more data collection probably would not produce a result much 
different from the other games.   
 
Table 20 
 
Comparison of Recent Newtonian Mechanics Video Games 
 
    
Game (Sample Size) Test Overall Gains Effect Size 
    
    
Mecanika FCI   
     Class Debriefings (N = 51)  9.2% 0.95 
     No Debriefings (N = 26)  7.3% 0.59 
    
Newton’s Playground (N = 167) Custom 0.35 Not Given 
    
Space Vector 1 (N = 65) FCI Subset 1.04 0.611 
    
Space Vector 2 (N = 18) FCI Subset 0.78 0.379 
    
SURGE (2011) FCI Subset   
     Overall (N = 143)  0.37 Not Given 
     Taiwan (N = 71)  0.38 0.1619 
     US (N = 72)  0.24 Not Given 
    
SURGE (2014) (N = 100) Custom 1.62 0.5 
    
Note:  Only the percentage change in test scores was reported for Mecanika. 
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Table 21 
 
Audiences and Total Playing Time of Recent Newtonian Mechanics Video Games  
 
   
Game Audience Total Time (Minutes) 
   
   
Mecanika Eleventh Grade  
     Class Debriefings  180 to 240 
     No Debriefings  90 
   
Newton’s Playground Eighth/Ninth Grade 240 
   
Space Vector 1 Undergraduate 90 
   
Space Vector 2 High School 90 
   
SURGE (2011) Seventh Grade Not Given (60 to 120?) 
   
SURGE (2014) Eighth Grade 165 to 180 
   
 
As educational game designs, the Space Vector games most likely have reached a 
dead end.  Both video games are still too concept-centric rather than model-centric, and 
there are too many concepts for the player to master.  Both games may be better as 
review and assessment tools rather than instructional tools although Space Vector 1 
suffers from interface problems that would require much redesign for such a purpose.  In 
Space Vector 1, asking players to calculate fractional values for an equation without 
providing a calculator was a problem for some players, and there other design problems 
including assuming that players would understand the mapping from making grid 
predictions to how they were simulated and remembering instructions such as pulling the 
camera out for a complete view of the landscape in later missions.  Although both games 
have mechanisms to support players, this support is clearly not enough to produce the 
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conceptual change that was intended.  Players need more ways to work through models, 
especially when making the transition to a model with acceleration.  Despite their 
shortcomings, Space Vector 1 and Space Vector 2 are a contribution to the body of 
Newtonian mechanics games and have some evidence of efficacy, but, if they continue in 
some form, they should be integrated into video games that are truly model-centric. 
 
Recommendations for Future Research 
1.  Focus on single models in video games. 
The Space Vector games and all the video games reviewed here cover a number 
of concepts—probably too many.  How can educational game designers make better 
learning gains in the future?  One way forward is to focus on single models.  The number 
of models needed to teach introductory mechanics has varied over time.  Hestenes (1997) 
originally described five models for introductory mechanics.  In more recent articles, six 
models have been proposed (Hestenes, Megowan-Romanowicz, Osborn Popp, Jackson, 
Culbertson, 2011).although there are expert modeling teachers who use more models in 
their practice (O’Shea, 2014).  The best source for models is the curriculum provided by 
the American Modeling Teachers Association (AMTA) (2014), who provides curricula 
for physics, chemistry, and biology.  This is a gold mine of game mechanics ideas and 
should be the first reference when game designers begin the design process.  
Incorporating model instruction as much as possible should increase the chances of 
creating effective games.  The pedagogy is well understood.  What is not understood is 
how we can translate the pedagogy into engaging software experiences, which can bring 
the pedagogy to a much wider audience. 
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If a video game could be created for each model and be shown effective, a 
complete curriculum could be implemented through video games.  The challenge will be 
discovering what the full potential and affordances of educational video games are and 
finding sustainable production models to realize that potential.   Multiple game 
mechanics may be necessary to create opportunities for players to experiment with 
different representations.  A single game mechanic covering all aspects of a single model 
might be too optimistic.  Creating standalone games versus games integrated into a 
curriculum have their own unique problems as well.  Specifically, video games that 
introduce the need for support outside the game introduce a dependency that is very 
difficult to control and, thereby, introduces a point of failure that is beyond the control of 
the game designer. 
 
2.  Use assessment tools appropriate to the video game. 
 For a short intervention, the Force Concept Inventory—even a subset—is too 
hard.  If the Force Concept Inventory is too difficult or cumbersome for short 
interventions or assessing individual models, what is a good alternative, especially since 
custom assessments are hard to compare?  The best strategy may be to use the 
worksheets, quizzes, and tests that have been developed for the curriculum by the 
American Modeling Teachers Association.  Although these materials may not have the 
reliability and validity of the Force Concept Inventory, they are assessment tools that 
have been created and used by the modeling instruction community for at least a few 
years.  Using these materials for assessment would be useful for comparing classroom 
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practice and video game interventions in a way that could be helpful to both educational 
video game designers and the modeling instruction community.   
 
3.  Focus on design and development / Consider alternatives to large group studies. 
Working with large groups of students is difficult and may not be the best use of 
resources and participants’ time, especially since video games may produce small 
changes and suffer from the design problems that all initial prototypes suffer from.  There 
should be more studies focusing on design and development.  Educational video game 
designers should find ways to do case studies and small sample studies if possible. 
Although it may be difficult to generalize to larger groups, working with individuals and 
publishing the results could be productive, especially if an agile software development 
process is used.  If a video game intervention can produce a few successful cases, it is 
probably more likely that a group will benefit.  Then, testing larger groups for summative 
assessment would be more likely to succeed and be a justifiable use of resources. 
 
4.  Consider expanding the statistical and causal reasoning toolbox. 
It is time to go beyond frequentist statistics and incorporate Bayesian estimation 
and graphical models into our work.  These techniques are more informative than what 
one typically finds in the research literature and are more intuitive to understand.  
Frequentist methods have their place, but, as discussed in the methodology chapter, there 
is evidence that even very low p values will not be reproduced.  Therefore, we should use 
estimation techniques that give as much useful information as possible, and Bayesian 
estimation provides this.  Researchers should also consider how they can incorporate the 
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latest work on graphical models and understanding causality as exemplified in the work 
of researchers like Judea Pearl (Pearl, 2009). 
 
5.  Engage the modeling community. 
 The American Modeling Teachers Association and teachers who use modeling 
instruction have produced and are producing a body of work of very high quality that 
describes modeling instruction in action.  Educational video game designers, who want to 
work in the natural sciences, would be wise to study their work and engage the 
community.  Game designers do not need to reinvent the pedagogical wheel.  The 
modeling curricula are full of potential for game mechanics for those who are willing to 
take the time to learn about modeling instruction.  Model instruction implies necessary 
conditions for positive learning outcomes.  Elucidating these conditions should be the 
first step of a game design document for subjects where modeling instruction has shown 
to be effective.  To create successful interactive experiences for learning, game designers 
must study and engage with this work.   
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 The following are the Space Vector 2 bonus text questions.  The first answer is the 
correct answer.  The game engine will choose up to three incorrect answers, if available, 
and randomly mix the order of the answers when the question is presented. 
1.  What is average speed? 
 a.  It's change in position over change in time. 
b.  It's change in position in a specific direction over change in time. 
c.  It's change in velocity over change in time. 
d.  It's when the speed doesn't change. 
e.  It's when the velocity doesn't change. 
 
2.  What is average velocity? 
a.  It's change in position in a specific direction over change in time. 
b.  It's change in position over change in time. 
c.  It's change in velocity over change in time. 
d.  It's when the acceleration doesn't change. 
e.  It's when the velocity doesn't change. 
 
3.  What is initial velocity? 
 a.  It's the starting velocity. 
b.  It's the starting speed. 
c.  It's the starting acceleration. 
d.  It's when an object starts from 0 speed (at rest). 
e.  It's when an object starts from 0 velocity (at rest). 
 
4.  What is instantaneous velocity? 
 a.  It's the velocity at a specific time. 
b.  It's the speed at a specific time. 
c.  It's the acceleration at a specific time. 
d.  It's the starting velocity. 
e.  It's when the velocity is 0. 
 
5.  What is uniform motion? 
a.  The velocity doesn't change. (Acceleration is 0.) 
b.  The speed changes. 
c.  The velocity changes. 
d.  The acceleration changes. 
e.  The acceleration isn't zero. 
 
6.  Is constant motion the same as uniform motion? 
 a.  Yes, uniform and constant both mean the velocity doesn't change. 
b.  No, they're different. 
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7.  Average velocity is the rate of change of _______. 
a.  position in a specific direction over time 
b.  direction over time 
c.  acceleration over time 
d.  speed over time 
e.  time 
 
8.  Average acceleration is the rate of change of _______. 
a.  velocity over time 
b.  direction over time 
c.  speed over time 
d.  position 
e.  time 
 
9.  Are horizontal and vertical motion independent? 
a.  Yes, they don't influence each other. 
b.  No, a change in horizontal motion will change vertical motion. 
c.  No, a change in vertical motion will change horizontal motion. 
d.  No, they are always connected. 
 
10.  What is a force? 
a.  A push or a pull 
b.  Speed 
c.  Velocity 
d.  Impetus (force inside an object that runs out) 
e.  Change of position 
 
11.  What is acceleration caused by? 
a.  A force 
b.  Speed 
c.  Velocity 
d.  Change of position 
e.  Change of direction 
 
12.  Gravity is _____. 
 a.  A force 
b.  Not a force 
 
13.  Because gravity is a force, gravity always causes _____. 
a.  Acceleration 
b.  Speed 
c.  Velocity 
d.  Change of position 
e.  Change of direction 
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14.  Does an object moving at constant velocity need a force to keep moving? 
a.  No, just because something moves doesn't mean a force is acting on it. Once an  
object is in motion, it stays in motion. 
b.  Yes, if something is moving, there is a push or pull. 
c.  Yes, something moves until the impetus (the force inside an object that runs  
 out) goes to 0. 
d.  Yes, the energy in the object has to run out to stop. 
 
15.  Does an object that's accelerating need a force? 
a.  Yes, acceleration is always caused by a force. 
b.  No, acceleration is caused by impetus (force inside an object that runs out). 
c.  No, acceleration is caused by the starting energy of a motion. 
d.  No, acceleration is caused by speed. 
e.  No, acceleration is caused by velocity. 
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 The following are the Space Vector 2 bonus visual questions.  Some answers are, such as 
velocities, are created by the game engine when the question is asked.  The other 
questions always have the same possible answers, but the diagram for the questions 
changes. 
1.  What will the speed of the spaceship be? 
 (Answers generated by the game engine.) 
 
2.  What will the velocity of the ship be? 
 (Answers generated by the game engine.) 
 
3.  Which ship will be faster? 
a.  Top Ship 
b.  Bottom Ship  
 
4.  What velocities do the spaceships have when they reach the X position? 
 (Answers generated by the game engine.) 
 
5.  Which ship is accelerating (speeding up)? 
a.  Top Ship 
b.  Bottom Ship 
 c.  Both Ships 
d. Neither Ship 
 
6.  Which ship is an example of uniform (constant) motion? 
a.  Top Ship 
b.  Bottom Ship 
 c.  Both Ships 
d.  Neither Ship 
 
7.  When do the ships have the same velocity? 
 (Answer generated by the game engine.) 
 
8.  Which ship has an acceleration of 0? 
a.  Top Ship 
b.  Bottom Ship 
 c.  Both Ships 
d.  Neither Ship 
 
9.  Is the horizontal acceleration (for the path below) positive or negative? 
a.  Positive (+) Acceleration 
 b.  Negative (-) Acceleration 
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10.  Which ship has a force applied to it? 
a.  Top Ship 
b.  Bottom Ship 
 c.  Both Ships 
d.  Neither Ship 
 
11.  In which dimension (in the given path) is there acceleration? 
 a.  Horizontal Dimension 
b.  Vertical Dimension 
c.  Both Dimensions 
d.  Neither Dimension 
 
12.  In which dimension (in the given path) is there uniform motion? 
 a.  Horizontal Dimension 
b.  Vertical Dimension 
c.  Both Dimensions 
d.  Neither Dimension 
 
13.  In which dimension (in the given path) is a force being applied? 
 a.  Horizontal Dimension 
b.  Vertical Dimension 
c.  Both Dimensions 
d.  Neither Dimension 
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Space Vector Pilot Study Survey      ID #: _____ 
 
Please answer the following questions.  You don’t have to answer a question if you don’t 
want to, but we’d appreciate as much feedback as possible.  Thank you. 
 
1. How much physics instruction have you completed?  (Select one.) 
 
None       ___ 
Less than one year of high school physics  ___ 
One or more years of high school physics  ___ 
Less than one year of college physics  ___ 
One or more years of college physics   ___ 
Completed a college major in physics  ___ 
Graduate level coursework in physics  ___ 
 
2.  What types of video games do you play?  (You can select more than one.) 
 
Role Playing Games (examples:  The Witcher, Dragon Age)   ___ 
Sports and Racing Games (examples:  Madden NFL,    Mario Kart)  ___ 
First Person Shooters (examples:  Resident Evil, Call of Duty)   ___ 
Real Time/Turn-Based Strategy (examples:  Civilization, StarCraft)  ___ 
Massively Multiplayer Online Games (example:  World of Warcraft)  ___ 
Action Games (examples:  Assassin’s Creed, Uncharted, Mario Galaxy)  ___ 
Casual Games (examples:  Flower, Peggle, Montezuma, FarmVille, old arcade) ___ 
Simulation (examples:  The Sims, Animal Crossing, flight simulators)  ___ 
Adventure (examples:  Myst, Ace Attorney, Professor Layton)   ___ 
Not sure          ___ 
 
3.  What devices do you use to play games?  (You can select more than one.) 
 
Desktop/Laptop Computer     ___ 
Game Consoles (Wii, Xbox, PlayStation)   ___ 
Handheld Console (Nintendo DS, PSP)   ___ 
Cell Phone or Other Mobile Devices    ___ 
 
4.  How frequently do you play video games during the week?  (Select one.) 
 
Never or very rarely     ___ 
One or two days per week at most   ___ 
Three to five days per week    ___ 
Daily (or almost every day)    ___ 
 
 
 
(More questions on the back.) 
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5. How long do you usually play video games on a given day? (Select one.) 
 
I rarely play video games.    ___ 
A single session up to 30 minutes    ___ 
A single session greater than 30 minutes  ___ 
Multiple sessions up to 30 minutes each  ___ 
Multiple sessions greater than 30 minutes each ___ 
 
 
6. What is your gender? Male  ___  Female  ___ 
 
 
7.  What is your age?  ______ 
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Space Vector Pre-Game Knowledge Check    ID #: _____ 
 
Please use this sheet to answer the questions.  You don’t have to answer a question if you 
don’t want to, but we’d appreciate as much feedback as possible.   
 
 
Circle one answer for each question. 
 
1.         A B C D E 
 
2.         A B C D E 
 
3.         A B C D E 
 
 
4.         A B C D E 
 
5.         A B C D E 
 
 
6.         A B C D E 
 
7.         A B C D E 
 
8.         A B C D E 
 
 
9.         A B C D E 
 
10.         A B C D E 
 
 
11.         A B C D E 
 
12.         A B C D E 
 
13.         A B C D E 
 
14.         A B C D E 
 
 
15.         A B C D E 
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Space Vector Post-Game Knowledge Check    ID #: _____ 
 
Please use this sheet to answer the questions.  You don’t have to answer a question if you 
don’t want to, but we’d appreciate as much feedback as possible.   
 
 
Circle one answer for each question. 
 
1.         A B C D E 
 
2.         A B C D E 
 
3.         A B C D E 
 
 
4.         A B C D E 
 
5.         A B C D E 
 
 
6.         A B C D E 
 
7.         A B C D E 
 
8.         A B C D E 
 
 
9.         A B C D E 
 
10.         A B C D E 
 
 
11.         A B C D E 
 
12.         A B C D E 
 
13.         A B C D E 
 
14.         A B C D E 
 
 
15.         A B C D E 
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Space Vector Follow-Up Questionnaire     ID #: ______ 
 
We would like to have your feedback, so we can improve future versions of the game.  If 
you do not want to respond to a question, you do not have to answer it, but we would 
appreciate as much feedback as possible.  Thank you for participating! 
 
Please circle one number for each of the following questions. 
 
               Strongly           Strongly 
               Disagree             Agree 
 
1. The game helped me learn about velocity.   1 2 3 4 5 
 
 
2. The game helped me learn about acceleration. 1 2 3 4 5 
 
 
3. Instructions were always clear.   1 2 3 4 5 
 
 
4.  Mission goals were always clear.  1 2 3 4 5 
 
 
5. The game was too easy.    1 2 3 4 5 
 
 
6. The game was too difficult.   1 2 3 4 5 
 
 
7.   The game was engaging.    1 2 3 4 5 
 
 
8.   The game took the right amount of time to complete.    1    2 3 4 5 
 
 
9.   I would play this game again.   1 2 3 4 5 
 
 
10.  I would recommend this game to a friend. 1 2 3 4 5 
 
 
 
 
(More questions on the back.) 
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12.  What were the worst three things about the game? 
1. 
 
 
 
2. 
 
 
 
3. 
 
 
 
 
13.  What were the best three things about the game? 
1. 
 
 
 
2. 
 
 
 
3. 
 
 
 
 
 
14.  What would make the game better? 
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Space Vector Pilot Study Survey      ID #: _____ 
 
Please answer the following questions.  You don’t have to answer a question if you don’t 
want to, but we’d appreciate as much feedback as possible.  Thank you. 
 
1. How much physics instruction have you completed?  (Select one.) 
 
None       ___ 
I took a physical science course in high school. ___ 
Up to one year of high school physics.  ___ 
More than one year of high school physics.  ___ 
Up to one year of general college science.  ___ 
Up to one year of college physics.   ___ 
More than one year of college physics.  ___ 
 
2.  How frequently do you play video games during a typical week?  (Select one.) 
 
Never or very rarely     ___ 
One to three days     ___ 
Four to six days      ___ 
Every day      ___ 
 
3. When you play video games, how long do you usually play? (Select one.) 
 
I never or rarely play video games.   ___ 
Less than 30 minutes at a time   ___ 
30 minutes to 1 hour     ___ 
1 hour to 2 hours     ___ 
More than 2 hours     ___ 
 
4. What devices do you use to play games?  (You can select more than one.) 
 
Desktop/Laptop Computer      ___ 
Game Consoles (examples:  Wii, XBox, PlayStation)  ___ 
Handheld Console (examples:  Nintendo DS/3DS, PSP Vita) ___ 
Tablet Computer (examples:  iPad, Google Nexus)   ___ 
Cell Phone or Other Mobile Devices     ___ 
 
5. If you play video games, which 3 games are you playing or played most recently? 
____________________________________________ 
____________________________________________ 
____________________________________________ 
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6. I am   female  ___  male  ___ 
 
7.  What’s your age? ______ 
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Space Vector Follow Up  Player ID #: ______ Date:  _______________ 
 
We would like to have your feedback, so we can improve future versions of the game.  If 
you do not want to respond to a question, you do not have to answer it, but we would 
appreciate as much feedback as possible.  Thank you for participating! 
 
Please circle one number for each of the following questions. 
 
               Strongly           Strongly 
               Disagree             Agree 
 
1. I learned something about physics.  1 2 3 4 5 
 
 
2. I would like to learn more about physics.  1 2 3 4 5 
 
 
3. The game instructions were clear.  1 2 3 4 5 
 
 
4. I could find help when I needed it.  1 2 3 4 5 
 
 
5. The game was too easy.     1 2 3 4 5 
 
 
6. The game was too hard.     1 2 3 4 5 
 
 
7. I enjoyed the game.     1 2 3 4 5 
 
 
8. The game took the right amount of time to complete.  1    2 3 4 5 
 
 
9. I would play the game again.    1 2 3 4 5 
 
 
10. I would recommend the game to a friend. 1 2 3 4 5 
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(More questions on the back.) 
12.  What were the worst three things about the game? 
1. 
 
 
 
 
 
 
2. 
 
 
 
 
 
 
3. 
 
 
 
 
 
 
 
 
13.  What were the best three things about the game? 
1. 
 
 
 
 
 
 
2. 
 
 
 
 
 
 
3. 
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Table 22   
 
Posterior Distribution Results for the Space Vector 1 Mean Change Scores 
       
      
Parameter Mean Median Mode HDI [Low, High] 
      
      
Mean        1.0424679  1.0421407  1.0189957     [0.6129389, 1.486820]       
      
Standard Deviation 1.6830210  1.6800421  1.6895790     [1.2948926, 2.073820]       
      
Effect Sizea 6287575  0.6237699  0.6113833     [0.3274926, 0.937201]    
      
Normality 1.2797814 1.2803148 1.3772856   [0.5700799, 1.996572] 
      
a0.001529969% of the effect size posterior distribution is in the ROPE interval [-0.2, 0.2]. 
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Figure 38.  Correlations among the Space Vector 1 mean change score parameters. 
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Table 23 
 
Original Output for Comparison of Mean Difference Scores Given Cargo Choice  
(Group1 = Bombs, Group 2 = Supplies)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 0.8466002 0.8461065 0.8307052 [0.1835549, 1.4920866] 
     
M 2 1.1866168 1.1859098 1.1660738 [0.5666819, 1.8030193] 
     
M  Differencea -0.3400166 -0.3403449 -0.3628496 [-1.2581633, 0.5451153] 
     
SD 1 1.8402512 1.8220951 1.7986365 [1.3104442, 2.3986056] 
     
SD 2 1.5766572 1.5596435 1.5178387 [1.0650079, 2.1210186] 
     
SD Differenceb 0.2635940 0.2634285 0.2729789 [-0.4349748, 0.9755939] 
     
Nu         28.0870952 19.4530139 7.7676337 [1.8229615, 81.3473141] 
     
Normality 1.2832998 1.2889869 1.3982488 [0.5546626, 2.0012347] 
     
Effect Sizec -0.1984845 -0.1997172 -0.2238183 [-0.7268974, 0.3166522] 
a22.85154% of the distribution is above zero. 
b78.01244% of the distribution is above zero. 
c22.85154% of the distribution is above zero. 
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Figure 39.  Correlations among the Space Vector 1 cargo choice parameters. 
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Table 24 
 
Original Output for Comparison of Mean Difference Scores Given Gender  
(Group1 = Males, Group 2 = Females)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.14250026 1.14223234 1.1473784 [0.4391561, 1.8389044] 
     
M 2 0.97418775 0.97547393 0.9831958 [0.3937441, 1.5694336] 
     
M  Differencea 0.16831251 0.16663995 0.1735599 [-0.7372725, 1.0888658] 
     
SD 1 1.63510949 1.60534462 1.5449137 [1.1088799, 2.2165446] 
     
SD 2 1.80805789 1.79647426 1.7749659 [1.3162872, 2.3167436] 
     
SD Differenceb -0.17294840 -0.18457166 -0.2505623 [-0.8774120, 0.5576053] 
     
Nu         30.57832183 21.47225441 8.3346266 [1.9439294, 86.6882261] 
     
Normality 1.32483318 1.33187764 1.3526293 [0.5978457, 2.0258980] 
     
Effect Sizec 0.09631464 0.09718552 0.1026810 [-0.4251459, 0.6243789] 
a64.13672% of the posterior distribution is above zero. 
b30.00540% of the posterior distribution is above zero. 
c64.13672% of the posterior distribution is above zero. 
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Figure 40.  Correlations among the Space Vector 1 gender change score parameters. 
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Table 25 
 
Original Output for Comparison of Mean Difference Scores Physics Instruction 
(Group1 = No Physics Instruction, Group 2 = Some Physics Instruction)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.1751966   1.1761344  1.1862921   [0.3894992, 1.955451 
     
M 2 0.9495903   0.9515045  0.9856584   [0.4117959, 1.494982]         
     
M  Differencea 0.2256063   0.2262795  0.2326490  [-0.7285586, 1.160729]        
     
SD 1 1.9146759   1.8865825  1.8637714   [1.3037133, 2.573902]         
     
SD 2 1.5999193   1.5870303  1.5745641   [1.1544155, 2.071601]         
     
SD Differenceb 0.3147567   0.2972973  0.2272384  [-0.4131050, 1.068512]        
     
Nu         27.9528899  19.1797270  7.9744617   [1.8408272, 80.707244]       
     
Normality 1.2844318   1.2828424  1.2354849   [0.5826696, 2.001099]         
     
Effect Sizec 0.1291553   0.1290331  0.1440430  [-0.4016085, 0.660397]        
a68.45363% of the posterior distribution is above zero. 
b80.61239% of the posterior distribution is above zero. 
c68.45363% of the posterior distribution is above zero. 
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Figure 41.  Correlations among the Space Vector 1 physics instruction parameters. 
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Table 26 
 
Original Output for Comparison of Mean Difference Scores Given Frequency of Play 
(Group1 = Never/Rarely Play, Group 2 = Not Never/Rarely Play)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 1.0855182 1.08556209 1.08078335 [0.3199535, 1.8511786] 
     
M 2 1.0069807 1.00839848 1.01890059 [0.4855314, 1.5490039] 
     
M  Differencea 0.0785375 0.07895144 0.10189130 [-0.8644919, 0.9961254] 
     
SD 1 1.9972034 1.97046222 1.94540055 [1.4087393, 2.6349385] 
     
SD 2 1.4938621 1.47839123 1.44953592 [1.0507888, 1.9547354] 
     
SD Differenceb 0.5033413 0.48867855 0.43452763 [-0.1987280, 1.2430102] 
     
Nu         27.8349587 18.97109705 8.11156146 [1.8839322, 81.2993648] 
     
Normality 1.2822182 1.27809245 1.23096069 [0.5838203, 2.0024284] 
     
Effect Sizec 0.0451765 0.04503601 0.05750837 [-0.4790181, 0.5693033] 
a56.69787% of the posterior distribution is above zero. 
b92.54615% of the posterior distribution is above zero. 
c56.69787% of the posterior distribution is above zero. 
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Figure 42.  Correlations among the Space Vector 1 play frequency parameters. 
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Table 27 
 
Original Output for Comparison of Mean Difference Scores Given Genre 
(Group1 = Plays Casual Games, Group 2 = Does NOT Play Casual Games)  
 
     
Parameter Mean Median Mode HDI [low, high] 
     
     
M 1 0.84877673 0.84872216 0.8299941 [0.1422604, 1.5714730] 
     
M 2 1.16631909 1.16755212 1.1448985 [0.5758377,  1.7358105] 
     
M  Differencea -0.31754236 -0.31694699 -0.3104043 [-1.2310697, 0.6057140] 
     
SD 1 1.69055297 1.67040749 1.6579169 [1.0486518, 2.3596296] 
     
SD 2 1.72963835 1.71562262 1.6930476 [1.2643625, 2.2123781] 
     
SD Differenceb -0.03908537 -0.05235422 -0.0654094 [-0.7683272, 0.7209186] 
     
Nu         26.37669312 17.57998945 6.8989067 [1.7309494, 78.4508362] 
     
Normality 1.24761868 1.24501861 1.2474166 [0.5183856, 1.9795068] 
     
Effect Sizec -0.18973925 -0.18600272 -0.1687901 [-0.7355965, 0.3370586] 
a24.37951% of the posterior distribution is above zero. 
b44.20412% of the posterior distribution is above zero. 
c24.37951% of the posterior distribution is above zero 
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Figure 43.  Correlations among the Space Vector 1 genre parameters. 
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APPENDIX F  
SPACE VECTOR 2 ORIGINAL SOFTWARE OUTPUT 
  
  161 
Table 28   
 
Original Posterior Distribution Results for the Mean Change of Space Vector 2 Scores 
  
      
Parameter Mean Median Mode HDI [Low, High] 
      
      
Mean        0.8064885  0.8051765  0.8074746     [-0.2476875, 1.8857485] 
      
Standard Deviation 2.1391976  2.0841663  1.9900622     [1.3319582, 3.0383857]    
      
Effect Sizea 0.3911593  0.3892159  0.3792230     [-0.1120061, 0.9046207]   
      
Normality 1.3616620  1.3927125  1.4922013     [0.5778795, 2.1043019]    
      
a0.2189456 % of the effect size posterior distribution is in the ROPE interval [-0.2, 0.2]. 
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Figure 44.  Parameter correlations of the parameters for the Space Vector 2 change scores 
as a single group. 
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Figure 45.  Hyperparameters for Space Vector 2 ANOVA. 
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Figure 46.  Regression coefficients for Space Vector 2. 
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Figure 47.  Plot of the means for Space Vector 2. 
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